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FOREWORD 


This  first  International  Conference  on  Permafrost  was  presented  by 
the  Building  Research  Advisory  Board  on  11-15  November  1963, 
with  Purdue  University  serving  as  host,  and  with  sponsorship  provided 
by  bodi  pubUe  agendes  wid  privtte  oiigaoizBtiaos.  Btin^g  togettier 
some  ?00  engineers,  researchers,  maniifac'itrers,  and  builders  from 
around  the  world,  the  conference  represented  the  first  eHort  to  achieve 
a  oomprehenrive  exchange  of  mfonnation  on  die  fundimeiitd  prop» 
ertici  and  behavior  of  permafrost,  and  the  related  findings  of  water, 
snow,  and  ice  research,  as  well  as  engineering  and  coostiuctioa  aolutioas 
for  problems  of  building  in  permafrost  areas. 

llie  puUiihed  Pfoceedingi  oontaios  papan  presented  by  sdentins 
and  engineers  from  nine  countries  (Argentina,  Canada,  Germany,  Japan, 
Norway,  Poland,  Sweden,  USA,  and  USSR)  together  with  pertinent 
discussions,  to  constitute  at  this  time  the  most  comprehensive  com- 
pendiuDi  of  current  ioformatian  on  pcnnafroit  Editing  of  dieae  man- 

uscripts  has  been  kept  to  a  minimum,  and  has  hccn  directed  solely 
toward  achieving  essential  consistency  while  preserving  the  total  integrity 
of  the  contributioo  of  each  andior. 

The  Board  gratefiiUy  acknowledge  the  effort  expended  by  eadi  par- 
ticipant and  supporter:  Conference  committee  and  discussion  panel 
members,  organizational  sponsors,  and  authors.  A  particular  word  of 
thanks  is  due  to  Professor  F.  J.  Sanger  for  provision  of  translalionB 
from  the  Russian. 

The  Board  also  wishes  to  acknowledge  the  originating  efforts  of  Mr. 
Harry  B.  Zackrison,  Sr.,  Chairman  of  the  Board  at  the  time  of  prc^am 
hdtbtkn.  and  the  impiainantlug  efforts  led  by  Mr.  Riebaid  H.  Tallow 
III,  Chaiiman  at  the  time  the  Conference  was  held. 

Al  BFRT  O.  H.  DiCIZ 

Chairman 

BtnUiNO  USBAKCH  AOVNORV  BOARD 
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CONFERENCE  RESOLUTION 


WHEREAS  the  first  Inttrnatiorval  Conierence  on  Permafrost  has  assembled 
sctenUsts  and  engineers  from  Aryentlna.  Austria,  Canada,  Great  Britain, 
lapan,  Norway,  PoIarKl,  Sweden.  Switzerland,  Uruted  States  of  America , 
Union  of  Soviet  Social! at  RepubUcs  and  West  Gennany  for  discussion  of 
men  than  100  pspwB,  eonstdsrtng  the  nany  aelontlfle  and  engineering 
intaiasta  and  vlamrpolnta  en  pnrmafmst  and  talatad  phyHoal.  efaaaleal, 
gaological,  Uologleal  and  anglnaatlnB  proUani  on  both  an  intatdlacip- 
Unaiy  and  intamaUonal  haalsi  and 

WHtilBAS  tha  aignifieant  advaaoaaMHik  «ada  tmM»d  ooepamttva,  ayttan- 
atlo.  Inlaidtsotpllnary.  intamatisinBl  atudy  and  aafaaanant  of  panufioat 

phenomena  made  through  oonferances  such  as  this  first  International  Con- 
ference on  Permafrost  has  baan  danonslratad  to  contribute  immeasurably 
to  aelantlflc  and  engineering  progress;  now,  there ibre, 

BE  IT  RESOLVED  that  this  conference  urqes  that  a  second  International  Con- 
ference on  Permafrost  be  planned  aiKi  held  with  the  objectives  of  further 
iMardlselpUaaiy  support  and  paitldpatlon,  and 

BE  IT  FURTHER  RESOLVED  that  the  Planrung  Committee  for  the  first  Inter- 
national Conference  on  Permafrost  be  requested  to  form  an  Intarim  cmnnit- 
tee  of  interrvstionoi ,  int*.-r:ti';r'i|::inary  character  to  fostar  and anoowaga  a 
second  International  Conference  on  PennafraBt,  and 

BE  IT  rURTHER  RESOLVED  that  copies  of  this  resolution  be  foiwarded  to 
the  National  Academy  oi  Scier.i^es— Niitlonal  Research  Council,  and  to 
all  participants,  sponsors,  and  cooperating  organizations  in  the  first 
Mamatlonal  Confaranea  on  P«cinaiiost> 


Copyrighted  material 


CONTENTS 


SESSION  1 

GENERAL  SESSION 

HARRY  B.  ZACKRISON.  SR. 

K.  B.  WOODS 

Opening  Remarks 

1 

ROBERT  r.  ir.nc;r.T 

Permafrost  In  North  Amerlrfl 

N.  A.  TS^TOVICH 
PermAfro.1t  ProhIi>ma 

7 

SESSION  II 

SOILS  AND  VEGETATION    PANEL  2a 

Wtl  lTAM  ■<;■  BFNNTMr-.HOFF 

Relationships  between  Vogotatton  and  Tn»t  In  Soils 
ROLTiND  E.  BESCHEL 

Hummocks  and  Their  Vegetation  In  the  High  Arctic 


R.  J.  E.  BROWN 

Influence  of  Vegetation  on  Permafrost 

ALBERT  W.  lOHNSON 

Plant  Ecology  in  Permafrost  Areas  


NORMAN  W.  RADFORTH 

OrlQln  ftnd  Slonlflcftnce  of  Orqunlc  Terrain  Teatures 


J.  C.  r.  TEDROW 
Arctic  Soils  


TROY  L.  PEWE 

Icc-Wedqes  in  Alaska- Classification.  Distribution, 
and  Climatic  Significance  

ERWIN  SCHENK 

Ongin  of  Icq- Wedges  


13 


20 


25 


)OHN  B.  O'SULLIVAN 

Geochemi.itry  of  Permafrost:  Barrow.  Alaska  30 


HUGH  M.  RAUP 

Turf  Humniocks  In  the  Mestcrs  Via  District. 

Northeast  Greenland  43 


SO 


r.  n.  iir.niiMt 

Sou  Investigations  in  the  Ixiwor  Wright  Valley,  Antarctica  SS 


MASSIVE  GROUND  ICE    PANfL  A 

ARTHUR  H.  LACHENBRUCH 

Contraction  Theory  of  Ice- Wedge  Polygons: 

A  Qualitative  Discussion  63 

1-  ROSS  MACKAY 

Pingos  In  Canada  71^ 


76 
82 


G.  WIl.l.lAM  HOLMES 
HELEN  L.  FOSTER 
DAVID  M.  HOPKINS 

Distribution  and  Age  of  Pingos  of  Interior  Alaska  88 

JERRY  BROWN 

Ice-Wedge  Chemistry  and  Related  Frozen  Ground 

^ocesses.  Barrow,  Alaska  94 


I.  J.  BARANOV 

V.  A.  KUDRYAVTSEV 

Permafrost  of  Eurasia 


N.  DOSTOVALOV 
I.  POPOV 


Polygonal  Systems  of  Ice- Wedges  and  Conditions 
of  Their  Development 

V.  A.  KUDRYAVTSEV 

Theory  of  the  Development  of  Frozen  Rock  Masses 

P.  A.  SHUMSKIY 
R.  1.  VTYllRtN 

Underground  Ice 


SESSION  III 
GEOMORPHOLOGY 

J.  BRIAN  BIRD 

Limestone  Terrains  in  Southern  Arctic  Canada 

ROBERT  r.  BLACK 
THOMAS  E.  BERG 

Patterned  Ground  In  Antarctica 

FRANK  A.  rrOOK 

Patterned- Ground  Research  In  Canada 
ARTIIRO  K.  f:ORTF. 

Experiments  on  Sorting  Processes  and  the  Origin  of 

Patterned  CSround 

K.  R.  rvrRr.TT 

Instruments  for  Measurlftg  Mass-Wasting 
ALFRED  lAHN 

Origin  and  Development  of  Patterned  Ground  In 
Spitsbergen 

IAN  LUNDQVIST 

Patterned  Grourxi  In  Sweden 

ANDERS  RAPP 

Solifluctlon  and  Avalanches  in  the 
Srandlnj^ulnn  Mf>iintj»ine 

ERWIN  SCHENCK 

Origin  of  String  Bogs  


98 

102 
106 

108 


lis 
m 

128 

m 

Ufi 

liO 
li£ 

ISII 

155 


JOHN  R.  WILLIAMS 
ROGER  M.  WALLER 

Ground  Water  Occurrence  In  Permafrost  Regions  of  Alaska  159 

H.  1.  WALKER 

L.  ARNBORG 

Permalrost  and  Ice-Wedge  Effect  on  Rlverbdtik  Erosion  1 64 


OSCAR  ?.  FERRIANS.  IR. 
Permafrost  Map  of  Alaska 


172 


DONALD  R.  NICHOLS 
Permafrost  in  the  Rocent  Epoch 


172 


L.  V.  BRANDON 


176 


Evidences  of  Ground  Water  Tlow  in  Permafrost  Regions 
I.  I.  BARANOV 

Problems  of  Zonal  Relationships  in  the  Development 

of  Permafrost  LZI 


A.  I.  PCjPOV 

S.  p.  KAnHlJRIN 

N.  A.  r.RAVF. 

Tcaturcs  of  the  Development  of  Frozen  Geomorphology 

in  Northern  Eurasia 

Ifll 

Discussion— Session  3 

1  flfi 

atiilUN  iV 

PHASE  ECJUILIBKIA  AND  TRANSITIONS 

G.  R.  lANnr 

H.  I..  MrKIM 

Saturation.  Phase  Comoosition.  and  Freezina- Point 

Depression  in  a  Rigid  Soli  Model 

le? 

R.  n.  MU  I.FR 

Phase  Ejuilibrla  and  Soil  Freezina 

193 

EnWiRH  PFNNrU 

Frost- Heaving  in  Soils 

}91 

SHUNSUKE  TAK/<GI 

Fundamentals  of  the  Theory  of  FfOSt'HOBVlnQ 

203 

SHUNSUKE  TAKAC;! 

Theory  of  Freezing- Point  Depression  with  Special 

R*.f<«ror.r<.  »n  Soil  Wjitar 

71fi 

p.  I.  WILLIAMS 

SuctlDn  and  Its  Effects  In  Unfrozen  W/iter  of  Troien  Soils 

Z.  A.  NEHSEOVA 

K.  A.  TSYTOVICH 

llnfmzpn  VJ^tt^r  In  Froron  fSnilis 

710 

I.  A.  T^TITYtlNOV 

Ph.-i«<.  Tr.inKfnrmnHnni!  nf  Watpr  in  Snilo  an.H 

the  Ndture  of  Mlaratlon  and  Heavinf 

234 

Di  «;f-in;ginn— Socglnri  i  

CCCCI/^KJ  \/ 

itbiiur^  V 

THFRAmAI  AVFrT<; 

R.  I.  E.  BROWN 

Rnl.itinn  nnfMoan  Mnnn  Anmi.'il  Air  jinH  fimimrt 

T'-mrorntdrps  in  the  Permafrost  Roaion  of  Canada 

241 

E.  r.  LOEViCZ 

W.  F.  OUINN 

Thflrmal  Realme  Beneath  B^jildingi  fTonslriirted  on 

Pef?n,4fro5t 

247 

F.  1.  SANGER 

Degree- Days  and  Heat  Conduction  in  Soils 

2S3 

H.  r.  srOTT 

Factors  Affecting  Freeze  or  Thaw  Depth  In  Soils 

263 

SV.  SKAVEN-HAUG 

Control  of  Frost  Penetration  in  Norwoy 

266 

M.  A.  TvinMP<!nN 

Air  Temperatures  in  Northern  Canada  with  Emphasis  on 

Freezing  and  Thawing  Indexes 

V.  S.  TIIK'VfiNOV 

Comput4tlon  of  the  Depth  of  Freezing  and 

Thawing  In  Soils 

ZBl 

a.  V.  PORKHAVrV 

Temperature  Fields  in  FoiindAiions 

2FI5 

Hi  Qrii "!  qinn— Qinn 

eccciOKi  \n 

PHY^irrvwrHANirAt  puriPHiTiFS  nr  ttOTfhi  aniinD 

C.  W.  IC'.PIJVR 

Uiboratorv'  Dctnrmlnation  of  the  Dynamic  Moduli  of 

Frozen  Soils  and  of  tr-o 

2S2 

M.  S.  KERSTEN 

Thermal  Prop^rllos  Of  Frozen  Ground 

301 

F.  r.  SANGER 

C.  W.  KAPlJiR 

Plrtslic  Dolom-.ation  of  Frozen  Soll« 

3QS 

RAWONn  N.  vDwr: 

Soil  Freezing  Consideration*  In  Ftoien  Soil  StreiMth 

GEORGE  W.  AITKEN 

JIM 

N.  A.  TSYTOVICH 

Thowina  Soil 

32S 

s.  s.  ■lA'Ainv 

Rheology  of  Frozen  Soils 

332 

Discussion- Session  $ 

338 

SESSION  Vll 

EXPLORATION  AND  SITE  SELECTION 

R.  E.  FROST 

I.  H.  McLERRAN 

R.  n.  !  EIGHTi' 

Photointerprt^trttion  in  the  Arctic  and  Sub- Arctic 

343 

Dfivtr:  r  harn'fs 

Geophysical  Methods  for  Delineating  Permafrost 

349 

B.  L.  HANSEN 

Instruments  for  Temoerflture  Measurements  in  Permafrost 

?56 

T.  A.  HARWOOn 

D©w  Lint!  Silc  Selection  And  CxDlor.^tion 

3S9 

M.  lUUL  HVORSLEV 

T.  R.  nonnr 

Core  DrilUno  in  Frozen  Soiii 

364 

\j •  tit        li  m  J I 

Engineering  Site  Investigations  in  Permafrost  Areas 

371 

G.  R.  LANGE 

Ri*frlOr*r/itf>d  riiiid^  for  ririllina  nnd  C^orlna  In  PormwfrOKf 

37S 

T.  D.  MOLLARD 

I.  A.  PIHLAINEN 

thp  Arf*tlf 

G.  Y.  SERA.'qTYAW 

ProUmlnarv  Sito  Invostiaation  for  the  FnnnrfAtion  Af 

St  ruf"!  '.aro  n  n  nrl  PsuAm  Ant  <i  In  PArm;*  fro 

V.  P.  BAKAKTK 

A.  N.  ZEI.ENIN 

Excavation  of  Frozen  Soils 

395 

V.  P.  I'SHKAIOV 

A.  M.  PCHEI.INTSrV 

A    1  VTriM(^U 

A.  I.  nrMPKTVFV 

Engineering  Geocrvologlcal  flesearch 

Dl«ru««lnn-S««BlAn  7 

SESSION  VIII 

(AKJITABV  AMD  HVnSAIM  W~  Flsir:i  NFFBI  Mf^ 

AMOS  I.  ALTER 

oaiuvQiy  Cat  lu  i  (lUC^I  iiiu  tit  r^JOsKCl 

im 

n.  G.  RAi.i. 

I.  H.  CALL 

U.S.  Smitnrv  and  Hydraulic  Enflineerina  Practice 

in  Gr*ti»nl,-^rvi 

A.  R.  Y,-.Ti:<; 

D.  R.  STANLEY 


Domestic  Wfltof  SuddIv  and  SownQc  DisDOimr  In 
the  Canadian  North 

WARRrN  arnar.F. 

Water  Supply  and  Dralnaoe  tn  Alaska 
C.  L.  HUBBS 

Wntcr  Sucpiv  Systems  In  Pnrmairost  Arong 
LARS-£R]C  lANSON 

Wator  .S  innlv  Svstrnis  in  Frozen  Ground 
W.  B.  PAGE 

Arctic  Water  Supply  and  Wmd  Energy 

E.  y.  RICE 

Q.  W.  SI  MONT 


Thp  llf^-^  r.rrnic  n.-,m 

CH/iRL£S  SARGENT 

Water  Works  Supply  Systems  in-Permatrost  Areas 
M.  T.  SASSAKI 

Sanitary  <ind  Hydraulic  Enolneenrvg  In  the  Antarctic 

KKMNETH  R.  WRIGHT 
QRRKN  W.  TRlCKr 

Wat<»r-rrpP7ino  Froblams  in  Mountain  CommurutiBg 

P.  a  ar->r.nqinv<;iciv 

V.  A.  VESELOV 

<;   H  IIKHDU 

A.  V.  STQTSENKO 

A.  &■  TSVin 

Dams  In  Permafrost  Roqions 
M.  M.  PORriWYTV 

r..  \l.  PnRKH&VTV 

Utility  Networks  in  Permafrost  Regions 

N.  1.  Tni.qTTKHlN 

A.  1.  vKrrMnv 

Hvdiooooloov  in  Pcrm,i frost  R<>oions  ot  the  USSR 

nic^-iicginn— <togglnn  R 


412 
420 

426. 

434 

iil 

iA2 


450 


155 


45a 

4fi7 


E.  L.  LONG 

The  Long  Thermopila 


D.  H.  MACDOKALD 
Design  of  Kolsoy  Dlket 


467 
492 


t.  MfYAKAWA 
M.  KOYAMA 
T.  TAKAHASHI 

Frost- Heave  of  Roads  in  Hokkaido,  Tapan 


R.  W.  1.  PRYER 

Mine  Rai.rOads  in  Uit>r.idor- Uno.tva 


F..  s.  Pur:  I  rn 

Guides  for  Engineering  Projects  on  Permafrost 


A-  E.  PIKE 

Mining  in  Permafrost 


rniind/ttlnrm  in  Portnjifin-;t  ArwA* 


Tunneling  and  Subsurface  Installations  in  Perroafrost 
Icings  on  the  Alaska  Highway  


497 

Ml 
508 
512 

519 

526 


lAMES  A.  BROWNING 
JAMES  r.  ORDWAY 

Use  of  Internal  Burners  for  Working  Permafrost  and  Ice  530 

RORFRT  M.  nAVTS 

r.ravol    Fill  Bn^Ha  nn  Porma«rn<it  atiH  riljflor  Tro 


R.  A.  RZHANITSIN 
B.  P.  GORH-.'NOV 
1..  I.  KKHriF.KKOV 
V.  r.  7H(IKOV 

A.  Ki.  ictrRVArmTC 

Thawing  and  Consolidation  of  Permafrost  Prior 
to  Construction  


P.  I.  MFI  'NTltnV 
S.  S.  VYAl  OV 
O.  V.  fiNF/HICO 

a.  r.  SHtsmcANnv 

Plln  Foiinrf.Ttlnns  In  Pprmnfmgt 


_Sd2 


sf<;<;inM  ix 

EARTHWORK  AND  FOUNDATION  ENGINEERING 

F.  H.  RrtSTI.INr. 

Placer  Mining  in  Frozen  Ground 

FREDERICK  E.  CRORV 

Pilo  rniinHAtlnng  In  Pormjfrnct 

G.  U.  rOllKSTQN 

Pll<-  non«;triirtlnn  in  PnrmnfrniH 

K.  A.  LINELL 
r.  W.  K&PTAR 

Description  ar>d  Classification  of  Frozen  Soils 


4ii 
467 
ill 

4fll 


CLOSING  5F«ION 
Moderators'  Report 


Appendix 

C.nnlfTfnrp  CnmmHtnt. 
Cnnfpfpnra  PanoU 
Conference  Registrants 


CONFERENCE  PAPERS 


Uopyiiyliieo  inaienal 


SESSION  I 
GENERAL  SESSION 


OPENING  REAAARKS 

HARRY  B.  ZACKRJSON,  SR.,  Chief.  EnglnMrtng  Division  Military  ConMructlon. 
Of  lie*  P(  Chiaf  ol  CnginMr*,  Dapamncnt  ot  tlw  Army 


W*  hm  aawmlilwi  han  «t  thU  f«npiM  oumpnu  lh«  Idwi  of  til* 
noit  knowrladgMU*  mn  in  tli»  worUI  «n  eoutnietlon  In  panaa- 
frrat.  Ihta  eaafannoa  anaMaa  tha  rapraaaittauvaa  of  tan  na* 
tiomt  to  awhanoa  not  only  thair  own  inking  and  axpailanoa, 
but  alao  that  of  thair  aaaoelaloa  kaek  liana.  TlUa  eonfatanea 
It  an  aftot  to  eoUaet  and  eomlata  all  tha  axiant,  iHpciftant 
adantitte  and  angina* ring  knowladg*  on  oooa traction  in  that 
ana  ttfUi  of  4ia  world'*  land        ondarlald  with  paiaiaaamly 
ftoaan  gtound* 

W*  hav*  programed  her«  Mm  Oian  100  outitandlng  papara 
by  147  authors  from  ten  natiena.  Thase  papers  aNaailna  tha 
dlaelpUnaiy  intarfaces  betwean  many  dlvwsa  (laid*,  aueh  a* 
agronomy,  arehaology.  ecology,  gaology,  aichltectura,  iha- 
otegy,  protpacung.  thorino<lynamlct.  malaorology,  soil  ma- 
chanlca,  materials  tasting,  photogrammatry.  topography, 
aanttation,  structures,  and  hydrography,  to  name  only  a  few- 

Thli  conferaru:e  Is  presented  under  the  auspices  of  the 
Building  Research  Advisory  Board  of  the  National  Academy  ol 
Sciences- National  Research  Council.    At  tho  time  this  con- 
(arenco  was  being  programed,  I  w.i-;  rh.11rT1.3r  nf  BRAP ,  arrf  I 
am  here  on  behalf  of  the  chalrrr.ftr. .  Rjehnfj  !!.  T.^'.lcy.v ,  i:t. 

I  want  to  lake  this  opportunity  to  c  onimi  r.J  the  conlcrerico 
planning  committee,  under  the  very  able  ^r.aimaa  K.  B.  Woods, 
for  an  outstanding  psnce  of  work.    Their  .?f forts  have  resulted 
In  an  exceller.t  (.lar.  :or  riclu^-'v.t.g  t.-jf*  ••Mmr-  oi  t.nc  nonferonco. 

Since  the  f  artlciiLants  o'.  t.:J3  conlerente  hfivc  .lui-h  divsr-ir- 
interests,  rary  of  ycu  may  not  be  acquainted  wiih  tr.t.'  o|-era- 
llons  ol  3RAB    50  1  -.vlII  out.ine  ;ts  history  and  activities.  The 
Building  Research  AJvU.riry  Bo.itJ  i a  unit  of  the  National 
Academy  of  Sciences- National  Research  Council,  operating 
Within  Its  Division  of  Bngloaaring  and  InduaMal  Naaaaich. 

The  National  Academy  of  Soianea*  t*  a  private,  nonprofit 
OrganlzaUon.  dedicated  to  SOlanca  and  to  it«  use  for  the  gan- 
•ir.^l  welfare.   Under  its  16(3  Congrasalonal  charter  signed  by 
President  Lincoln,  It  was  daslgnatad  as  an  official  advisor  to 
The  rederai  Govemment  In  scientific  and  tachnical  matters. 
A  close  working  relationship  has  existed  between  the  Academy 
and  tlM  govanuaant,  avan  though  tha  Aoadamy  la  not  a  govam- 
■wntal  aganey. 

Iha  Natlaaal  Itoaaaieh  Coiinell  waa  aat  up  by  tlia  Aoadamy 


In  1916  at  tha  laquaat  of  Prastdant  Wllaom  to  ptovld*  *  oiaana 
for  sclantiata  and  dlstlagulahad  laadara  la  adaaoo-ralatad 
araaa  to  worii  eio*aly  with  tha  Aeadaaur  through  amaharalilp 
on  varloua  hoaida  and  ocMunlttaoa  o(  tha  Couneih 

Tha  Nattonal  Jteadamy  of  Uanoas-NaUonal  RaaaoRb 
Ceunell  laealvos  ftenda  ton  pUmta  and  public  aourcaa  In  tha 
foHB  of  cootiibutiona  or  granta.  in  additioii  to  carrying  out 
eoatraet  aaslgnmanta.  Tha  work  of  NA9-MIIC  la  to  atlmulata 
taaaardi  and  application  of  research  and  to  pnmoto  afisGtlva 
utlltBauan  of  tha  seiantifie  and  taehnieal  raaoureaa  of  tha 
eountiy.  In  order  to  serve  tlw  gowanmaiit  and  to  furthar  tha 

general  Interests  of  science. 

In  pn:.;i.;n  these  objectives  :n  the  field  of  building,  t.'-..;- 
Building  Research  Advisory  Board  was  organized  In  1949.  It 
comprises  30  individuals  appointed  for  three- year  terms  by  the 
Academy- Research  Council  from  among  the  ranks  of  outstand- 
ing scientists,  engineers,  technologists,  architects,  buUderai 
and  others— from  industry,  the  professions,  academic  and 
government  circles— Involved  in  building.   The  work  of  BRAB 
is  coordinated  and  directed  by  an  executive  director  and  a 
staff  of  architects,  anglnaara,  and  taehnieal  paraomal  In 
Washington,  D.  C. 

As  a  urut  of  the  NAS-NRC,  BRAB  works  to  stinulati-  and 
correlate  building  research  actlvitiesi  it  is  ai.,thorlzed  to 
study,  on  request,  any  subject  of  scicr.cc,  nn  ,  or  i<;c  hnology 
ir.  the  field  of  building  and  to  advise  on  questions  auumitied  by 
jr;  'ic;  art.T.jr.t  or  agency  of  The  Federal  Government,  or  by 
;-r;v.itc  .;n..rre'  '.vhen  in  the  public  interest.    In  all  its  activi- 
tiL-i,  PRAR's  i.f:c[-tlv<..',r.-':r:  J::  Ji't  oriJiuit  On  iho  personal  Con- 
tribution 01  each  in-aividual  who  collaborates  in  these  under- 
takings by  giving  generously  of  time,  knowledge,  and  effort. 
Thl*.  carlainly.  has  been  the  case  with  those  who  have  con- 
trlbutad  to  th«  sueeasa  of  this  confetenc*. 

BRAB  has  provided  tha  forum.  I  am  certain  you  will  use  it 
wall  for  tha  banaQt  of  all  who  may  wish  to  build  in  pennafrosl. 

Wa  in  the  Building  fte search  Advisory  Board  of  the  Nauonal 
Aeadamy  of  aeianoaa-Hational  Raaaareh  OouncU  am  happy  to 
hav*  provided  tha  means  whereby  tha  existing  knew  ledge  in  the 
fiald  of  pomaltaat  emild  ba  amhongad  by  tha  eonaidarabia 
numban  of  lapiaaautallwa  In  tliaaa  ralatad  flolds  bom  all  ewor 
tha  world. 


X.  B.  WOOM,  Haad.  Sdiool  ot  Civil  Eaginaarhig,  Purdue  Unlvaratty 


The  scientists  and  .:rigirri.'«rs  riveting  r.vro  torlay  to  attend  ".hi^; 
International  Conference  on  Permafrost  briny  re.sulii  iri.itiy 
years  of  study,  research,  and  exijerlmentdt:  j:-.  un  Lie  sui.,LCt. 
it  Is  the  first  time  an  oppKDrtu.'.lty  h.!3  D-icn  invldcd  to  bring 
together  experts  from  many  countiits  and  disciplines  ".o  dis- 
cuss various  aspects  of  permafrost. 

it  IS  the  aim  of  iho  conference  to  gain  d  better  understand- 
ing and  to  ba  ahle  to  develop  a  new  approach  toward  harnessing 
this  phenomenon  for  the  benefit  of  mankind.  We  hope  to  pro- 
vide an  encyclopedia  of  much  of  the  world's  kaowladg*  on 
parmafrosi.  which  cover*  one -fifth  of  the  world'*  land  aurfaoa. 

Tha  00010*1*8110  maponaa  of  IndiwldHala  from  fowtmnant 
agaoelaa.  untMraltlOB,  lMdu*trI*l  eonearaa,  eonwitiiia  flm*. 
and  military  aaiabUsbnaiit*  llron  tha  Vnltad  Stataa  and  Canada, 
tha  Sovlot  Union  and  aavaral  other  foralga  counirios,  make* 


lhl3  meeting  an  out.standlng  achievement  and  contributes 
importantly  to  the  knowledge  on  the  subjuct. 

This  conference  has  been  mode  posslblu  through  the  ellrjrii 
of  many  individuals  and  organizations.  I  want  particularly  to 
Bwntlon  the  Building  Rasaarch  Advisory  Board  and  tha  work  of 
Kobart  M.  Dillon.  It*  executive  dirocterj  Claytecd  T.  Grimm, 
tha  eonferanee  ■•eretary,  and  Harry  SaelErlaant  former  Aalnaan 
of  BRAB  and  member  of  its  axaeutlva  eoamttiao.  Sapadally  1 
want  to  mention  tha  public  relation*  ooaimltiBa  dtaooiad  by 
Kanaaib  T,  Hmandlngar,  of  Haory  I .  Kaufman  &  A**oelataai 
Robert  B.  Fl«dMr.  Arehllaetural  Raeord;  Fradarlek  8.  Momtt, 
Cnginaaring  Wew*  -Baeerd^wid  leui*a  La  vita*,  of  Purdua,  who 
waa  In  eharg*  of  pioa*  lOlatlons  during  tlw  confOranoa. 

Thia  *M«tlng  wa*  oonoelvad  originally  by  Ihoma*  B.  Prlogl*, 
ciilaf ,  CMl  Englnaarlng  Braneh.  Corp*  of  Engbiaar*; 


Copyrighted  material 


I  A.  LiMll,  tM»t,  bpartMntal  EnglnMrlag  Dlvifllan, 
tf  .S.  Army  Cold  Raglana  RtMansh  and  XtaglnMrtng  Labai«ary« 
ttBanovw,  M.H.,  andyouripMlMr.  In  Hay.  I960  Um 
OCriM  at  Ih*  Chief  of  CngliiMn  ukad  iIm  Hum  of  hb  to  i 
an  axienalM  Inapaetlan  oi  fnumiatlaa  daalgna  and  i 
In  nany  aactkma  of  Alaakn.  m        plaaaad  «rtib  gnetleaUy 
all  of  DM  tnatallatlona  Inapactad,  bak  It  faagana  olnrioua  diat 
varloua  typaa  of  etvtUm  oonttnicUon  had  baan  dona  mlvaly 
and  wiibout  any  aoatoiaat  knoifladg*  of  ayprowad  awttoda  for 
handling  pRMtoat.  Aa  «  raavlt  im  raooauaandad  to  lha 
OfOoa  of  dm  Chlaf  of  Engliiaara  that  a  ooafaianoa,  aballar  to 
tbla  ona,  ba  organlaad  and  a  prpoaadlnga  printod  to  Inelvda 
dw  ooatrthutloas  and  dlaeuMlona. 

Iba  oanfmaea,  balag  oi  fainad  tmardlaelidlnanr  chaiacur, 
inqvlnd  Iba  oontrlbutlona  of  axparta  In  aany  flakte.  Your 
I  la  taidabtod  to  dia  todlvldHala  who  hava  VRiilMd  Itar 
'  namha  to  naka  Hto  aaattag  poaaMa 
A.  J.  Altar,  Alaaka  DapartaantofSaalMi* 
liaaa  A.  Bandar.  U.S.  Aiay  Cold  iagloaa  Raaaarefe  and  Sngi- 
naartng  laboratory;  Rlcbard  k  CaaNna,  Ohio  Stoto  Vnlvaralty; 
n««or  A.  Hanwed,  Canadlait  Daparfant  of  National  Dafanaat 
Arthur  H.  Laobanbrvoh,  U.S.  Oaetoflieal  •urvayi  iebort  F. 
laMOt,  National  Raaaarcfa  Gounell  of  Canada;  lannath  Llnall, 
HBbaM  D.  Millar,  Comall  Valvaraltyt  Willlaa  J.  NioBl,  Buraau 
of  hibUe  Roadai  Ikey  t.  Mwi.  Vnlvaralty  ol  Ateaka,  and 
A.  L.  Waafabam,  %ila  ttidwaral^. 

Wa  ara  alao  hidabtod  to  aany  indlvlduala  who  halpad  obuin 


f laanelng  lor  iha  naatlag  and  for  ptMtoatlon  of  dn  i 
taiga.  Raapondtaig  to  raquaata  for  aaalatanea  wan  dM  Nattonal 
Sclanaa  raundatlaa«  «ia  CatacplUar  TIraeier  Co. ,  U  .8.  Amy 
Cupa  of  Englnaava,  U.S.  Navy  Buraau  of  Yarda  and  Doefca, 
V.a.  Air  Forea  CaMbrldga  Jteaeareh  laboratortoa  thrraatrlal 
fletonaaa  Laboratoiy) ,  Btoaau  of  Publte  hoada,  Oftlea  of  PubUe 
Dafanaa,  U.S.  Anay  Matartal  Conuaand,  tha  Publto  Haaldi 
8aivloa,  and  tha  Office  of  Naval  Raaaareh. 

We  iilsu  iippron lote  vt-'ry  nuch  lh«-  i^fforls  of  the  following 
CL>operatlng  ageniriea  who  hflve  helped  in  publicizing  and 
making  the  (;ijnferen!;e  n  suttcesr.f  jl  vimlu-i':  Naf.onjl 
Research  Count-il  ol  Canadii  (Associate  C'lmTiitU-c  on  Snow 
and  Soil  Meclianlca),  American  Society  of  Civil  Engineers  (Soil 
Mechanics  and  Four.datlGns  Dlvlslijn),  American  Soclt'ty  for 
Testing  and  Materials  (Division  ui  Mdlerialii  Sciences), 
Anerlcan  Gaophyalcal  Union,  and  Highway  Research  Board  o( 
Mm  National  Aeadany  of  adanoaa-Natlonal  RaaaarBh  CoimoU . 


Alao.  I  wlah  to  axpraaa  appreelatlOB  to  nany  of  niy  col- 
iMguai  at  Purdue,  expoctally  G.  A.  Leonarda,  who  aaalatad 
no  riueughout  dM  planning  and  dawetopaient  of  aatira 
ffograa;  Margatot  Crttea,  who  helped  aw  for  eight  montha  la 
all  aapeeta  of  oiganlstng  the  eonftemea;  ooniaieince  dMaton 
paraonnel  tar  diair  conptoM  oooparation,  and  aMay  neaAara 
of  dia  Pwdua  aiafl  faicluding  othara  to  the  School  of  Civil 
Engtoaerlng  for  help  of  aMuy  kuida  thraugh  a  long  period  of 
use. 


PERMAFROST  IN  NORTH  AMERICA 


ROBSRr  r.  LBOGET,  Dtvlataa  of  Building  Raaeereh,  Nattonal 


Council  of 


Permalioat  ta  a  regular  feature  of  extreme  northern  and  southern 
tarraln  dinughout  the  world,  its  boundaries  dictated  by  the  law* 
of  physics  alone.  It  is  anUiely  appropriate  to  find  such  an  In- 
tamallonel  gathsrlng  as  this  assembled  to  consider  the  prob- 
I  pieaanted  by  permafrost  wherever  it  is  found,  through  a 
I  of  the  results  of  obsarvaUon  and  by  discussion.  It  Is 
Nkmrtse  most  appropriate  to  have  this  gathering  on  the  caispua 
of  Purdue  University,  IntemaUonally  known  (or  the  terrain  In- 
terests of  It*  Department  o(  Civil  Engineering ,  a*  (or  *o  raany 
other  distinctive  contributions  to  the  advance  of  knowledge  and 
aound  learning. 

Since  the  Union  of  Soviet  Sodeilst  Republics  and  Caaade 
abate  the  dtd>lous  distinctton  of  each  having  within  it*  border* 
anre  pentafrost  then  is  to  be  found  in  all  other  countries  of  the 
world  coBiblned.  Antarctica  po**ibly  excepted,  it  i*  (itUng  that 
a  Soviet  and  a  Cenedlen  speaker  ehoutd  have  been  asked  to 
present  at  this  opening  *es*ion  the  nece*sery  general  back* 
ground  (or  the  deliberations  o(  the  week.  I  count  ii  a  privilege 
to  apeek  for  Canada  at  this  lime,  the  privilege  being  a  pleas- 
ure es  1  find  myself  In  the  good  company  ol  my  persona)  irlend, 
N,  A.  Tsytovtch. 

At  the  outset.  It  would  be  well  for  us  to  egrve  upon  what  we 
are  talking  about.  Agreement  wilt  surely  be  given  to  the  fact 
that  permafrost  Is  a  condition  of  tha  ground  and  not,  of  lisell, 
a  material .  The  name  is  used  to  describe  that  eendiUon  of  the 
ground  when  its  perennial  meen  temperature  Is  always  less  than 
0"C.  Sloppy  scientific  sementtcs  have  led  to  the  same  word 
being  very  genereUy  reserved  to  describe,  colloquially .  water- 
bearing silts  and  clays  that  are  perennially  frozen .  It  Is  en- 
tirely probable  that  the  word  will  be  used  In  this  way  during 
the  piDoeedlnga  of  this  oooferenoe.  so  popular  has  this  misuse 
bacona,  but  the  correct  use  of  the  name  should  always  be 
adopted  whenever  possible. 

Even  the  word  "permafrost"  Itself,  first  coined.  It  la  be- 
lieved, by  Slenon  MuUer,  is  regarded  by  some  as  seroentically 
unfortunate.  In  1946  the  late  Kirk  Bryan  published  en  eloquent 
plee  for  the  use  of  phllologlcally  correct  term*  In  the  study  of 
Aoaen  ground  i  1 J .  Bryan's  suggested  use  of  such  words  as 
"eryopadology''  and  "pargellaor  waa  togleal  and  entirely  oor- 


rect.  Unfortunately,  however,  common  usege  eomettnes  pays 
little  or  no  attention  to  logic  and  so  these  words  have  not 
achieved  the  recognition  (or  which  Bryan  pleaded.  Permafrost, 
therefore.  Is  the  accepted  name  for  the  subject  matter  of  this 
conference.  The  neme  will  doubtless  long  continue  to  be  given 
to  the  perennially  frozen  oondltlon  ol  ground  that  will  always 
be  so  significant  a  determinant  of  northern  development . 

It  must  readily  be  admitted  that  although  It  Is  this  condition 
with  which  we  are  to  be  concerned,  the  temperature  of  the 
ground  when  it  oonelsts  of  solid  rock  or  well-drained  send  and 
gravel  i*  usually  e  matter  o(  little  moment— subfreezlng  tem- 
perature* having  no  deleteriou*  effect  upon  the  properties  of 
theee  meteriel*.  The  carrying  out  o(  engineering  work*,  auch 
es  the  installation  of  water  melns.  is  neturally  a((ected  by 
aifbfreezlng  temperetures  below  ground  but  permanent  solutions 
to  such  problem*  ere  reedlly  available.  Disintegration  o(  cer- 
tain exposed  rock  types  may  perhaps  be  accelerated  and  the 
associated  (reesing  o(  •ur(ace  waters  In  open  Joints  may  lead 
to  such  Interesting  phenomena  as  the  "growing  rocks"  at 
Churchill,  Manlike.  It  Is,  however,  the  e((*ct  of  the  peren- 
nially frozen  condition  upon  water-bearing  soils,  when  this 
oondltlon  1*  thermally  disturbed,  that  creates  serious  problems 
which  may  be  widespread . 

Thi*  a*peci,  therefore,  of  penne(ro*t  cenM  to  the  etienUon 
of  the  early  aKplosara  of  tha  Canadian  NorUi  and  of  Alaska. 
Many  of  tbaaa  aun  warn  aeuM  dbaarvaraj  lhair  long  loumays 
Into  the  unknown  showed  their  Inquiring  turn  of  Blind.  In  their 
iaalonal  raiaiaaeaa  to  the  unuaual  uuwinnpa  of 
lliny  fbund  that  thay  aouU  cultlipata  In  tha  few 
abort  weaka  of  naaiMr  What  wa  now  eall  iha  aettoa  tayur,  Iha 
phenomenal  KM  Of  growth  to  tha  North  auiprlaad  iham , 

Joseph  Robson  was  one  of  Iha  aarly  wrltara  on  the  North. 
His  Accc'uni  of  Six  Years  Baaldanca  to  Hadaon'a  Bay  fwai  1733- 
36  and  1  744-47  was  pubUahad  In  tondon  m  im  IZi .  Wa  ob» 
diet 


The  gerden-ground  et  York-fort  end  GlmndiUl-vlMr  t 
much  sooner  and  deeper  In  the  space  of  ona  aittUh,  than  0» 
mato  toat  Uaa  oanUgutwa  to  it ...  by  dM  haat  ttMtatsra 
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whlidi  fha  Mith  Imh  would  aeqvln  torn  »  gaawal  and  oai*- 

fid  eultlwtlim,  Uw  itaMt  mWit  be  so  won  ovweeao,  thai  tiio 
paopl*  night  npoet  regular  raturnc  ol  aoad-diM  and  harvaat. 

This  suggestion  Is  sUU  valid  for  thO  OKUOne  :iuuih<:rr. 
bouridary  of  p«rmafrost  but  cciuld  not  have  been  succussl uUy 
oppUcd  in  the  areas  mentioned  by  Robaon.    He  mlnit-r,  i.-.ot  "in 
S«ptombcr  1  745  (he)  tried  the  frost  In  the  ground,  by  dtgglrtQ  In 
a  ploin  near  thf  fort."  But  the  explanallofiS  he  applies  to  what 
he  observed  make  atrange  reading  today,  being  based  on  the 
cor\cept  that  *U  la  dw  BMlawn  dm  eeauaunleaiaa  tha  fraaaing 
qua  luy ." 

James  Isham  was  a  mr>re  accurate  observer  jnong  these 
eighteenth  century  sojourners  In  the  North.   U15  Observations 
on  Hudson's  Bay  1743  la  a  Justly  famous  work  that  h.is  been 
republished  In  modent  form  with  careful  annouUons  L3J.  Here 
is  isham'B  comment on  Ola  aiAJaetof  dita  oonfafanoa,  wrlttan 
220  years  ago: 

Tha  ahoftnaaa  of  tha  atBBnar*a  la  not  aufilolant  to  thaw  Ifaa 
lea  tha  aaveilty  of  tha  wtoiar  ooeatlon'a  diaratara  III  gaath- 
ara  mom  and  nora  Evaty  yaar,  for  whidi  Anaon  tha  frost  Is 
navar  out  of  tha  ground,  in  those  pasts,  fer  to  Olg'Ina  thne 
or  four  foot  doamo  la  die  giouad  to  dw  aridstof  tha  suaunr. 
you  aiwU  ftad  haad  toaa'n  loa,  whleh  loa  stay  be  ab't  tmo 
foot  dri.A.  than  ooata  ta  aoft  ground  again.  §oit  •  ssmU  Dapdi 
and  abowa  ate  or  Ilgbt  toot  Downa  itt's  all  hart  loo,  -  In 
Suamar  It's  with  nuoh  Dlfdeulty  you  awy  Dig  ao  low  down. 

(Needless  to  say  die  apalllng  and  punotuatlon  ara  aa  In  lahaat'a 

original  book.) 

Since  the  buildings  used  by  the  early  settlers  In  the  Nnrth 
were  generally  of  relatively  simple  types.  It  Is  not  surprising 
that  the  perennially  frozen  character  of  the  ground  upon  which 
they  built  occasioned  relatively  little  comment.  Wooden  sills 
placed  directly  upon  the  ground  surface  seem  to  have  been  the 
almost  universal  type  of  foundation  until  relatively  recent  years. 
Roads  were  nor.cxistent  (apart  from  the  short  stretch  Joining  the 
quarry  with  Fort  Pnnce  of  Wales  at  what  Is  now  Churchill. 
Mar.ltcba)  .    The  rnly  real  disturbance  of  the  ground  was  ne- 
cessitated by  the  burial,  when  civilized  burial  was  possible, 
ol  ih;:5e  who  dlcd  In  the  North.  Ir.  this  somcwhot  macabre  way 
early  experience  with  trosen  ground  was  accumulated.  James 
lahaai  abaarvedt 

. . .  these  men  that  are  so  (rosa,  or  any  one  Ibat  Dyaa  and 
are  Bunied  6  foot  under  the  surfooa  of  the  ground,  oonUaiias 
hard  froaa  for  auny  Year's,  and  Believe  newer  will  be  thaw'd 
untoaa  lahan  up.-by  tha Bcpartanoa of  ftoaea ground  .... 

Because  this  is  an  Inteinatlor'.al  find  not  merely  a  North 
American  oonfercncu,  1;  may  be  of  val^c  to  note  that  no  less  a 
sclKntlst  than  Ghorlei  Darwir.  encountered  'hr    ■■or.i-  jituatlon 
In  A  f--ir  dlfii^runt  part  o(  the  world.  In  his  fascinating  book 
The  Voyage  of  the  ^faala.  Darwln  ralalaa  that  In  tha  flouth 
Shetland  I  slands: 

The  soil  here  consists  of  loa  and  volcanic  ashes  Interstrati- 
fled;  attd  at  a  little  depth  beneath  the  surface  it  must  remain 
perpetually  oongealed,  for  Lieut.  Kendall  found  the  body  of 
a  foreign  sailor  which  had  long  baen  burled,  witii  the  flesh 
and  ttU  iha  (aaiures  perfeetly  preserved.  It  is  a  singular 
fact,  that  on  the  two  great  continents  In  the  Northern  hemi- 
sphere (but  not  In  the  broken  land  of  Europe  between  them) , 
we  have  the  zone  of  perpetually  frozen  under-soil  in  a  low 
latitude  -  namely.  In  S6°  In  North  America  at  the  depth  of 
three  feet,  and  In  62°  In  Siberia  at  the  depth  of  12  to  IS 
feet  -  as  the  result  of  a  directly  opposite  condition  of 
things,  to  those  of  the  southern  hemlsphoro.  On  the  north- 
ern continents,  the  winter  Is  rendered  excessively  cold  by 
the  radiation  from  a  large  area  of  land  Into  a  clear  sky,  iror 
is  it  moderated  by  the  warmth-bringing  currents  of  the  sea: 
the  short  summer,  on  the  other  hand,  is  hot.  In  the  South- 
ern Ocean  the  winter  is  not  so  excessively  cold,  but  the 
summer  is  far  less  hot,  for  the  clouded  sky  seldom  allows 
the  sun  to  warm  the  ocean,  itself  a  bad  absorbent  of  heat; 
and  hence  Oia  mean  tamperatura  ol  tha  year,  which  ragu- 
lataa  the  none  of  paipetiiany  eonaealed  undar-seU.  is  low. 


It  la  evident  Oist  ■  rank  vegetation,  whbda  doea  not  so 
iBuoh  raquira  heat  as  It  dees  proM^aon  torn  intense  eoM, 
would  approach  nueh  nesiar  to  liiia  sen*  of  perpetual  eeo- 
galatton  under  the  equable  olimate  of  tha  aoutham  heail> 
aphara,  than  under  the  extreata  climate  of  tha  not  diem  oen- 
tlnents . 

Heie  Is  the  young  scientist,  for  Charles  Darwin  was  only  In 
his  mid-twenties  at  the  time  of  his  visit  1:  -Jie  South  flwtlanda, 
wrltlr.g  his  record  that  was  published  Ir.  idJ2  [4J. 

This  wn^  the  heroic  age  o(  ■      T  r  jtl'i':^. .    It  Is  L-viiii  pu;._'.ible 
to  mention  the  ndme  of  Sir  John  rrankll-^  ,  in  this  tr>:':  review, 
for  the  sutgeo:-.  nnd  naturoUsI  .ittachud  tc  his  expc  Jlttona  Ol 
1819-22  and  1825-26  wn%  th*;  rr-an  wh' 1  became  Sir  John 
Richardson.    Hi:  rr  :  (  th.-  gru.ji  explorers  of  the  Canadian 

Nortli  and  commanded  the  Trankiin  search  expedition  of  1848- 
49 .  He  was  perhaps  the  firat  aMB  to  write  papers  epeetaoally 
on  permafrost  [  S  j  . 

In  a  paper  published  in  I8S1  ho  said,  "Another  phenomenon 
Intimately  connected  with  the  mean  tcrr^pernture  of  a  district  Is 
the  'ground  ice'       ;  i^monently  froj'-r.  subsoU'.  The  lateral 
extent  of  this  substrntum.  Its  south<-rn  Units,  and  its  thlcjl- 
ness.  are  liiterestl.-.g  subjects  yf  Ir-j.-iry    ,  b].   With  theae 
words  of  over  a  century  ago  all  of  us  wtjuld  agroe. 

In  the  latter  part  of  the  last  century,  the  Royal  Geographical 
&->ciety  had  an  active  committee  on  the  "Depth  of  Permanently 
Fruzen  Sell  in  the  Polar  Regions,  Its  Gt-j^.-apiti:;..;  I  iniL-.  . ,  .'.nd 
Relations  10  the  Present  Polos  of  Greatest  Cold."   General  Sir 
G.  H.  Lefroy,  a  northern  explorer  of  note,  was  chairman.  His 
report  for  IfiS'i  presented  observations  on  permafrost  for  22  lo- 
cations, m'-ir.t  of  them  In  Canada,  accompanied  by  some  pointed 
observations  thctt  would  nnt  be  out  of  place  If  voiced  at  this 
conferer.ce  [7j.  Such  evidence*  Of  eaily  Inlaroat Is panaafeest 

were  conspicuous  by  their  rarity. 

As  we  approach  the  twentieth  century,  therefore,  permafrost 
may  rightly  sUll  be  called  the  great  unknown  of  the  North.  It 
required  the  activities  of  the  engineer,  civilian,  and  later, 
military,  to  reveal  the  problems  that  perennially  frozen  ground 
can  present  when  natural  conditions  are  disturbed.  Reference 
to  the  Klondike  gold  rush,  starting  In  1896,  may  sound  a  strange 
note  at  this  academic  gathering  and  yet  those  chaotic  days 
must  be  recalled.  If  only  briefly.  It  was  the  discovery  .-if  gold 
on  Bonanza  Creek  that  was  probably  the  start  in  Nort.-.  Ancrlce 
of  man's  Interference,  on  anything  but  S  minute  scale,  with 
ground  that  had  been  kept  frozen  for  SO  long  •  pSflOd  by  the 
operation  of  natural  processes. 

The  area  ol  tha  Klondike  gold  rush  in  the  Yukon  Territory  waa 
not  glaciated  la  ?lalsioceno  Uaiaa.  On«  result  of  this  geolog- 
ically tnterasUng  feet  was  the  occurrence  of  most  of  the  gold 
In  river  terreoa  gravels .  These  were  generally  found  to  be 
covered  by  substantial  thicknesses  of  organic  material,  tha 
combination  polntlrvg  clearly  In  the  direction  of  raining  by  hy^ 
draullc  methods .  There  was  little  difficulty  In  removing  the 
"muck*  even  though  both  It  and  the  underlying  gravels  were 
found  to  be  In  a  perennially  frozen  condition,  resisting  the 
usual  process  of  sluicing  because  of  their  temporarily  solid 
condition . 

The  gradual  development  of  methods  that  would  thaw  out 
these  valuable  gold-bearing  soils  Is  a  story  of  great  interest 
and  one  that  may  not  have  received  all  tha  attention  It  should 
have  by  more  recent  students  of  parmafrost.  in  summary,  thai^ 
ing  by  exposing  tha  gravels  to  the  Influentre  of  solar  radlaUon 
was  a  natural  starting  point,  satisfactory  and  economical  but 
devastatlngly  slow.  The  use  of  wood  fires  on  the  surface  of 
the  frozen  gravels  was  a  logical  second  step,  speeding  up  the 
process  of  thawing  but  steadily  becoming  uneconomical  (and 
eventually  almost  Impossible)  as  all  supplies  of  local  timber 
were  gradually  used  up.  The  use  of  steam  jets  and  of  circu- 
lating hot  water.  Inserted  Into  frozen  gravel  banks  by  means  Of 
Jetted  pipes  was  the  next  phase  of  development,  one  widely 
used  despite  some  tragic  accidents  in  early  days  before  proper 
experience  had  been  accumulated.  Firtally,  with  the  advent  of 
more  powerful  pumping  machinery,  the  use  of  large  volumes  of 
cold  water  yielded  similarly  satisfactory  reaulta.  This  method 
is  still  gsnwaUy  In  uae  In  the  adning  operatloaa  that  eontinue 
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10  this  day  In  th«  Yukon  and  Alaska  — though  In  scope.  In  type, 
•nd  In  glamor,  dlderent  from  the  early  operations  that  caught 
the  Imagination  o(  the  world  [B,  9] . 

All  these  procedures.  Interesting  as  they  are,  were  deslgiked 
to  destroy  the  condition  of  permafrost,  whoraaa  the  aim  la  al- 
most  all  other  engineering  operations  Is  to  preserve  It.  In  the 
erection  of  buildings  for  human  or  other  occupancy,  for  example, 
the  last  thing  that  is  wanted  Is  any  change  In  the  condiUon  of 
the  ground  upon  wMcii  Mw  WvUiMiim*  w*  fowMM.  VoctUMMly. 
aknost  all  build  logs  In  dw  Hanli,  until  ralatlvsly  reoent  years, 
iam  bMn  alapl*  woodm  atrocturm,  hMttng  wfatmu  hndng 
b«m  AinMt  iinltrarnlly  aom  varlmt  d  Mw  coonoa  nova. 
ynth  atapla  alU  foundatloaa  plaead  dbaetly  on  the  aurfaee  of 
the  groond,  little  trmMia  was  encountered  with  thawing  of  un- 
derlying bo*M  aoU.  Such  mewamanu  aa  dM  occur  wara  «ary 
aaally  conrected.  tMa  being  (ragardad  aa  no  mora  than  cidtnary 
anlnMflanee.  The  bulWnga  that  eoaaUnita  «w  nordurn  poata 
of  tha  toyal  Canadian  Mctmaad  ioUan.  Itar  anmpla,  apraad  all 
owar  dM  wMa  aaoantof  Um  Canadian  Aietle  and  ham  nawar 
faaan  a  oauaa  let  conoam  baoauaa  of  any  fouadatloo  dlttleultlaa . 
lha  poat  of  Maraetiat  laland.  aatahUahad  In  1903  by  nklag 
axladng  bulldlnga  built  by  wkalara  of  CaUfonta  radsrood 
planka.  an  atUl  aatiafeeiDity  altar  alaioat  a  oantvy  of  aarvlea 
and  have  raqolred  very  Uttle  nalnte nance. 

Whan  the  Royal  Canadian  Corps  of  ngaala  aatabUahod  Us 
plonear  post  in  the  Mackenzie  Delta  In  WZ,  at  a  location  that 
davolopod  Into  the  town  of  Aklavik ,  ita  toeatiao  on  a  atralch  of 
boaan  aUt  but  a  few  feet  above  river  lawel  c»uaad  no  aorloua 
problems .  These  developed  only  when  attempts  were  made  in 
recent  years  10  give  the  town  some  modem  amenities.  Tha 
problems  thus  revealed  resulted  eventually  In  Cha  dadslMi  to 
found  the  new  town  of  inuvik  on  the  higher  ground  adlaeant  to 
the  east  side  of  the  Delta  1  lOj . 

So  was  It  also  with  the  Hudson's  Bay  Company.  For  well 
over  two  centuries  the  familiar  buildings  of  this  groat  and 
unique  company  were  built  all  over  the  North  and  maintained 
through  the  years  without  any  unusual  difficulty.  They  also 
wcrt;  rrl.jtivijly  simplf  struc^u7'-s ,  with  heating  systems  that 
would  lit'  rijy.-sirltf:)  tr:.d,iy  -.11  t Tln-.mvf  .    The  first  mcve  away 
Irom  thus  truJltiLtia.  prriutlce  ili^  weti  ;h.-il  perin.ilri: c.mnotba 
forgotten  in  the  fractlco  of  nodern  .".urlhiiT:!  building. 

In  xhi-  loto  r3  3u'3  "The  CoT.pany"  dcclcied  to  start  providing 
lt&  df.viAf.d  pfi;it  m.3r..3gi*r5  with  irriprr.ved  liv.ng  conv*?nlences  . 
A  r.ew  type  of  rtirin.iycr'r;  h.:u::e  wnrj  dtjylgr.cd  -  trc-.;rp- irjtlnc;  .:i 
concrete  basement  and  atandArd  lun.rtce  ht^-'tinq  .lystem.  The 
hojse  was  duly  built  in  the  new  nlnlng  settlement  of  Yellow- 
knlfo  on  the  north  sh  ro  of  Great  Slave  LaKe.    Even  thoitgh  solid 
rock  Is  lite  prcdnmlnanl  terrain,  a  shcl"cted  site  was  chosen  for 
the  hou:.<:  which,  although  ideal  from  the  point  of  view  of  ex- 
pc's  are  ...ippened  to  ba  Underlaid  by  parannlally  fRwen  tsatar- 

bearing  sllty  clay. 

Tha  post  manager  who  occupied  the  new  house  was  the  envy 
::f  oU  his  ooUcaguos  in  the  North.   His  heatini?  system  worked 
■jplcndldiy  .    Tiwnrd  the  latter  part  if  the  first  wir.ter,  nr.wevLT 
Clacks  bogan  ii>  apfi<!ar  near  the  front  r.teps.    Next  It  was  no- 
ticed th.il  Ihi;  h[;u3i'  w.i-i  rli-arly  settling,  bv;;  it  wa'i  r,  -mc  time 
before  U  w.it,  lincilly  re,ilij:ed  Ih.-it  the  he.it  li:35  Ibr-juq!-.  the 
basement  wnIJs  nnd  II:-.  i  w^:;  gr.idurtlly  thawing  the  frozen  3  .11 
with  lamentable  results.   Iiiiilal  lemedlal  measures  f.roved  to 
be  Ineffective.    Eventually  the  furnace  had  to  be  removed  a.-id 
the  basement  filled  In,   The  house  today  stands  18  Inches 
lower  than  when  first  built,  but  the  experience  it  provided  has 
been  turned  to  good  effect  tn  all  further  company  building. 

This  incident  in  tha  development  of  the  North,  typical  of  thi 
start  of  modem  building  In  the  North  by  almost  all  orgaiUza- 
Oenat  took  plaea  Juat  aa  World  War  n  waa  starUng.  Clearly 
a  ohanga  had  to  be  aiade  Is  methude  of  dealing  with  northern 
Mrraln  In  ifaa  face  of  modem  tadialeal  devalopmenta— a  change 
dtat  die  Mperatlvea  of  wartlna  haatanad  in  an  ataoat  alanalag 
aianaari 

Prior  Id  the  ouftraek  of  the  mw.  then  had  been  a  Mart  at 
gold  ailnlag  on  Great  Slave  lake  and  on  lake  JUhabaaca:  and 
the  lamona  Sldoiado  unnlun  aMtiia  on  Gnat  Bear  Lake  was 
dnetng .  All  dieae  mlnlag  uaaturaa  were  in  paiaMfroat— hut  It 
waa  pamatfoat  in  aoUd  rook  ataoat  aMclualvaly^aiid  ao  faw 


unusual  problems  were  encountered.   Development  of  the  pc- 
trolcam  reserves  at  Norman  Wells  on  the  Mackenzie  River  had 
also  started.   Here  the  sad  results  of  thawing  perennially  fro- 
zen water-bearing  silts  and  clays  had  made  themselves  evident, 
experimentation  was  started.   Some  of  the  earliest  foundations 
to  be  placed  on  gravel  pads  were  installed  here,  but  the  loca- 
Uon  was  an  Isolated  one.  Ita  pioneer  experience  was  known 
only  to  the  few  111].  Valuable  experience  waa  also  gained 
during  tha  construction  of  the  Hudaon  Bay  Rallread.  between 
Tha  Pas  and  Churchill,  but  tfaia  waa  available  only  to  thoaa 
who  had  iworked  on  the  Une  and  In  railway  archives.  Tha 
axperlanee  waa  made  available  for  public  uae  many  yeara 
later  Cl2]. 

Daaptta  military  aacrooy.  many  wertUie  bulkttng  opeiatlane 
achieved  almost  unenviable  publicity.  The  aonauueUon  of  the 
Canol  pipeline  eooaa  the  moiaitalna  torn  Momaa  Walla  to 
WMtahoraa  teaa  ooe  auch  protect;  equal  In  acepa  and  Inaglaa- 
tkm  wee  tha  bulldfaig  of  Ifaa  alifialda  that  oonaUluta  Iba  highly 
auocaaatul  Northwaat  Staging  Itouia  and  the  aaaedatad  Alean 
fUgbway-boih  in  actlva  uae  today  and  aiaadlly  being  improved. 
Still  further  nordt,  dw  Orat  |oiat  ilretle  Weedier  StetbrnB  ware 
ealabllabed  on  tha  Ouaen  Ellcabeth  lalanda  In  the  iBunedlate 
poatwer  period.  Their  oonatruetlon  marked  a  algnlflcant  ad- 
vance In  northern  building  practice  In  North  America . 

The  history  of  the  development  of  Alaska  is  similar  to  the 
pattern  Juat  desertbed  for  northern  Canada,  although  rather  more 
recent  in  its  several  phases.  Prior  to  the  purchase  of  Alaska  In 
IWTby  the  United  States  from  Russia .  and  for  some  years  fol- 
lowing, only  small  fur-trading  settlements  and  fishing  vlllagea 
existed . 

It  Is  r.<  Interest  to  note  that  a  member  of  the  staff  of  the 
U.S.  O-    1  "jical  Survey,  laiaeSG.  R-ssell.  was  attached  to 
the  U.S.  Coast  and  Geodetic  Survey  party  that  set  out  irom  San 
Francisco  in  the  spring  of  1889  to  establish  the  boundary  be- 
tween Alaska  and  the  Northwest  Torrlt.^^rlos  of  Canada.  Russell 
was  an  acute  observer:  His  example  In  having  a  long  paper  re- 
cording his  observaUons  In  Alaska  printed  In  the  Bulletin  of  the 
Geological  Society  of  America  for  March  1890,  less  than  a  year 
after  ho  sailed  from  San  Francisco,  13  an  example  that  can 
shame  rr.any  of  us  tnd.ny  ^  1 3 .  , 

tn  this  paper  he  has  a  section.  Depth  of  rrosl  In  the  iVctlc. 
in  which  he  questions  whether  permafrost  li  tne  result  ;  !  the 
annual  freezing  of  successive  dcrv'Sltlons  or  the  jcoumulatlon 
jf  surface  frost  "ponctratl-g  dt.wn."   He  Includer.  the  calcula* 
tlons  cf  a  colleague  In  the  Survey,  R.  S.  Wo,  dho-se.  that  are 
the  earliest  known  to  me  In  permafrost  research.  Unfortunately, 
ihey  were  based  on  the  assumption  that  "at  the  beginning  of 
time  the  first  1  ,000  or  2,000  feet  had  a  uniform  temperature," 
and  so  the  results  are  questionable;  but  the  attempt  was  a 
notable  one  and  certainly  d  pioneer  effort. 

The  dt»«-tiv«ry  tif  gold  ftt  Nome  In  1899  and  at  Fairbanks  In 
1902  wnt.  of  great  linf  it.moe  In  ^ii  eclpltatl  nq  dev>-:'l::cnent  of 
the  territory.   l.n  laiii  an  overland  trail  was  opuned  frorn  the 
ocean  p-jrt  of  Valdez  to  Fairbanks.   These  wen;  In  n  ^^T.,1lI 
part  responsible  for  further  dov«io;<rient  of  fishing,  mlnlnc), 
and  -iv^r       •  .re  In  areas  through  wh;r:h  t.'^.ey  pasaed.   The  nost 
Import.ini  -.ew  road  to  both  Alaska  and  trie  YuK-ii  has  boon  the 
Alcan  Highway,  o  n-.t.-uoted  in  l'j'12. 

Since  Alaska  beuaine  a  state,  toad  building  .las  sharply  In- 
creased.  The  urgent  requirement  of  dofonsc  systems  and  as- 
sociated military  facilities  from  1940  to  the  present  must  also 
be  regarded  as  a  most  ImpKirtant  reason  for  the  opening  up  Of 
this  great  area.   Permafrost  was  encountered  and  had  ID  be 
considered,  more  critically  in  recent  years.  In  most  of  the 
various  stages  of  the  development  of  Alaska,  and  much  valua- 
ble experience  was  gained  in  many  fields  of  endeavor.  The 
ennual  Alaska  Science  Conferences  tesUfy  to  the  current  acl- 
aMIflc  activity  in  thla  new  atata. 

The  imperattvea  of  war  allowed  little  Une  for  axpartmanta- 
dott  or  atudy .  Moat  nerthaia  building  tn  die  aaMigeney  of  thoaa 
yaara  had  to  be  caMad  out  on  a  radier  Ub-and-nlaa  baala . 
Valiant  efforta  were  made  to  eaeemble  uaaful  InfOnaatloitt  en 
northern  building  pioblems.  Tha  moat  notable  contrfbuUcn  un- 
doubtedly was  Mullcr's  book  on  permafrost,  first  published  aa 
Permafrost  of  Permanently  Frozen  Ground  and  Reiated  Enolneer- 


Copyrighted  material 


tnq  Problenn  nnd  soon  to  b«  published  In  revised  fnrm 

by  McUraw-Htll.  M  jch  oi  the  Information  assembled  by  Mulier 
was  from  Soviet  sources  [14J. 

The  most  remarltable  aspect  of  the  opening  of  the  North 
during  the  •morgsncy  was  the  excoUent  work  done— and  not  the 
faw  fallurts ,  spactacMlor  though  »oni«  of  them  may  haw  been . 
Of  unusuAl  signKicanc*  waa  tha  daalgn  and  erection  of  several 
600-ii  acaet  lowera.  ona  of  whtoh  waa  atUtUgaxuit,  northeast 
«f  Imwlfc  til  Dm  MackMMta  DaUa  ClSl.  Ike  apadal  pnbtaoM 
la  tim  abanrpilon  of  aolar  radiation  Introducad  hf  tha  laifa  aiaa 
oi  staal  axpeaad  in  this  tovrar,  which  had  to  ba  founded  M  ilro> 
can  nMMr-baaring  aoU,  ware  fully  racognlsad  and  oompaMttad 
tar  In  lha  daalgn.  Tha  laault  waa  that  tha  lower  aaived  qulia 
aatlitoolorlly  and  with  no  appradabla  movamanl  until  Its  dsno- 
IWon  In  19SS .  Alihoagh  tooMad  In  Canada,  thla  tower  waa 
daaigned  by  tha  Vntlad  UMaa  Mr  Ftarca  as  a  iiart  of  liia  Joint 
North  teeilcan  dafanaa  afiart. 

In  IM7,  at  Faltbanka,  tha  Cerpa  of  Bnoinaara  basaa  faper- 
taat  flaM  raaaareh  en  proUaMS  of  paiannlaUy  fman  flfound. 
TWs  woifc  was  adnlalstarsd  ton  the  8t.  Paul  IMalrtot  OfOea 
and  ona  of  the  dlsMet  aoBhiaarB  rasponalbla  tor  that  early  un- 
dartaUap  has  alnoa  baeooa  Ctdaf  of  Bnglnaars,  liaut.  Gan. 
W.  K.  WUsoa,  tffab  is  hooofUm  this  cenfswnca  by  spaaklng  at 
the  banquet.  On  Iba  areHc  ooast.  tba  Vnlted  Stataa  Mavy  as> 
tabllsbed  lu  Jtnstic  Raaaarch  laboranry  at  Point  Bamw  in  IMC. 
In  postwar  yaara,  thla  station  bacana  a  trail  known  eentar  for 
field  studies  in  many  scientific  disclpUnes  Including  tanain 
StUdlaSa  as  the  proceedings  of  this  conference  virtll  make  clear. 
Correspondingly,  the  early  work  at  Fairbanks  has  been  con- 
tinued and  IS  now  admlnlslarad  by  the  Cold  Regions  Research 
and  Engineering  Laboratories  (CRRCU  of  the  United  States  Anay, 
Corps  of  Engineers. 

This  ts  the  organlzatton  that  has  been  respcnslblo  for  no- 
ble research  work  oft  permafrDst  and  ;  '.her  arctic  -.crrain  prcb- 
lema  at  the  Important  defense  base  at  Thulo  In  Groonland 
which.  It  should  not  be  forgotten.  Is  considered  as  part  of 
North  America.  On  the  eastern  coast  of  Greenland,  further 
south,  there  is  some  unusually  interesting  field  research  work 
being  conducted  on  soUfluctlon  and  allied  problems  by  another 
pioneer  In  this  field.  A.  L.  Washburn. 

Despite  the  nc-cessarlly  expedient  character  of  much  of  the 
wartime  actlv.ty  In  northern  regions  (;ho  C.inoi  plpc'.lrio ,  Inr 
example,  w.i  s  partially  dismantled  s-m  jfn^r  the  end  o!  hf.  s- 
tilities).  5  imi^  tf  -.'-r.  --i.3n'jir;i  ihi^n  (rfiu-ierd  Contributed  tu  t-'-.c- 
permanent  translormatlon  j(  t.-.o  that  has  forever  removed 

Us  Isolation.  The  Alcan  Highway  a.-. J  [tie  airfields  of  the 
Northwest  Staging  Route  have  become  essentia!  parts  of  the 
northern  trar.sportation  picture.   The  Joint  Arctic  Weather  Sta- 
tions contLrr„i'  tn  nijkc  /jn  Inv.jlunhk"  c:intrihutli)n  Ici  worldwide 
meteorologlc.i  I  inl -  rnnii-.n .   Ir.  a  ^imilr^r  way,  although  mining 
enterprises  must  always  be  traiiiltoty  (gold  mines  on  Lake 
Athabasc-a  and  the  uranium  mine  -jn  Gro^t  Boar  Lake  having  now 
been  closed  down) ,  the  early  n'.nir.g  vuntures  down  the  Mac- 
kenzie River  changed  this  great  waterwsy  for  all  time  [16] . 

Prior  to  the  mld-1930's  ,  the  waterway  was  seen  by  few  and 
lisr-d  m.jinly  by  th'-  Knd5;;n'5  B.iy  Company  for  Vr.i-  prlvati'  ■■■if  - 
ply  .il  ii.-.  p.-?:;is  ir.  ihi!  witatur:'.  Ar;:tlc  and  wlthlu  lliti  great  valley 
Itself.   Aho_t  bijijj  -.jni  :.;  trelght  was  the  maximum  ever  car- 
ried Ir,  any  or.a  summer  suasor. .   Even  before  the  war  this  had 
been  changed  dramatically  by  the  freight  needs  of  the  mines: 
wartime  traffic  turned  the  Mackenzie  into  one  of  the  great 
water  routes  of  North  America.  Its  unique  character  and  un- 
usual climate  which  brings  the  tree  lines  to  within  a  few  miles 
of  the  arctic  coast,  coupled  with  wartime  experience  and  fur- 
ther mining  developments  In  the  area,  oonflrmed  Us  Importance. 
It  was  natural,  therefore,  that  this  erea  ahouM  have  been  the 
scene  of  the  start  of  postwar  Canadian  petmalroat  tesearch. 

In  1947.  the  National  Research  Council  of  Canada  estab- 
lished Us  Division  of  Building  Research,  the  prime  function  of 
which  Is  to  provide  a  research  service  for  bulldlns  throughout 
Canada .  Building  in  the  North  was  clearly  one  of  Its  pieblana 
and  as  early  as  1949  plaoa  warn  anda  for  a  vaaacat  atinwy  e( 
northern  building .  Ikaaa  wnra  hspkttaMad  In  IMO  whan  a 
snail  team  passed  tba  anUrs  atmmar  In  a  detailed  axaalnatlan 
of  all  amsilng  bulldbigs  down  1200  nllas  of  tha  Mackannla  val- 


ley from  Hay  River  or.  Great  Slr.vo  Lake  to  the  .i.-ctic  coast  '  17], 
This  was  .5  y.Ar.t  enterprise  of  Lhe  Division  and  L'.e  Canadlari 
Aimy  (K  jyal  Caaadlar.  Engineers),  The  survey  revealed  prob- 
le.T.5  encciinterod  with  the  foundations  of  recent  buildings  when 
built  on  perennially  frozen  soil,  and  It  confirmed  the  great  value 
of  the  pioneer  research  work  carried  out  at  Norman  Wells  by 
tapertal  OH  limited  In  connection  with  Its  small  refinery  there. 

A  somewhat  similar  Mackensla  River  expedition  was  arranged 
for  the  year  foUowrlng,  but  thla  ttma  With  spadal  rafaienoe  to 
terrain  conditions  and  thalr  asalwatlon  by  amana  of  aerial  pbo- 
logiaphy.  The  atndy  waa  an  sKtanaloa  of  work  pnvleusly  ear- 
ilfld  out  In  Alaska  under  dia  dlracUon  et  (ha  gaaaral  ahalnaan 
of  this  conference,  K.  B.  Woods.  A  ftvther  raason  for  tba 
plaaaura  that  participation  In  this  pngram  glvas  to  aia  per- 
•OMl^  will  ba  Immedlaialy  avidants  Piofasaor  Woods  and  t 
hav*  riMiad  a  kaan  and  antlvB  Intaraat  In  paniaflraat  dVMgh- 
out  aU  fbasa  postwar  years  [iBl. 

Tha  aivedltkins  down  lha  Maekansia  lad  to  the  decision  to 
astafaUsli  a  aMll  laaaareAi  stauen  fbr  the  field  study  of  peisu- 
froat  pfoblana  at  aooHi  eoBvanlant  location  on  tha  rtvnr, 
NocDian  Walla  bad  ao  many  advaatagas  that  dm  eooparatlon  of 
Imperial  Oil  was  aoHoUad  and  most  aordlally  and  fully  given, 
tending  to  lha  inttlatlan  of  iha  Horihara  Raaaareh  Statton  of  tha 
DMatan  of  Bulldtaig  Raaaateh  of  tba  National  Baaaawli  Council, 
located  wliUn  a  vary  faw  nltos  of  die  Armlo  Circle .  To  begin 
with,  two  buildings  Mt  ever  from  dia  Caaol  prejact  warn  used. 
In  IBBB  thay  ware  laplaoad  by  two  wall-aquipped  prefdwleatad 
woodaa  buUdinga.  a  msldanoe  and  a  labotaiory ,  officUUy 
dadlCBlad  fbr  tMa  Intandad  aaa  by  dia  lato  C.  W.  R.  Steacle. 
ptaaUant  of  die  Council,  approprlatoly  enough  by  the  light  of 
Oim  BiMnlght  sun .  This  was  during  a  visit  which  the  governing 
body  of  the  Council  paid  to  Arctic  Canada,  clear  Indication  of 
the  attention  that  Canada  waa  finally  giving  to  Its  northern 
development  ClOl. 

In  more  recent  years ,  this  growing  Interest  has  been  well 
indicated  by  the  widespread  Investigations  of  a  number  of 
American  and  Canadian  scientific  organizations.  Any  attempt 
to  list  all  of  these  groups  would  lead  Inevitably  to  Invidious 
omissions.  A  special  example  Is  the  work  of  the  Geolcglcal 
Survey  of  Canada  all  over  the  Canadian  ArcUc.   The  Survey's 
pioneer  use  of  helicopters  and  of  specially  equipped  light 
planes  is  now  well  known.  These  reports  on  mariy  ports  ::f  the 
North,  although  naturally  gBologlcal  In  rhfflr.tc!ei ,  inevitably 
Include  many  references  to  pc:rnalr;:.;t .   The  ci.;rie.-.t  Interdisci- 
plinary Invcsttgatinn  cf  the  Canadian  folar  CouUnental  Shalf 
or.  the  northwest  ed'je  ul  the  Canadian  Arctic  Archlpolagc  is 
similarly  relevant.   Drilling  for  oil  in  the  Queen  Elizobrth 
Islands  has  now  started  and  consideration  hjs  biMir.  glvea  to 
Uie  use  of  such  holes  for  ground  thermal  sltidles.  Although 
the  difficulties  are  formidable.  .1  deep  hole  drilled  on  Melville 
Island  by  a  qriup  ol  all  compaclei  headed  by  Dime  Petroleum 
Limited  was  l-5trumenteri  hy  Lhe  Jacobaen-McGlU  Arctic  Re- 
search Expedition.  Drilled  holes  were  used  earlier  at  (he  site 
of  the  Joint  Arotle  Waathar  Btotlon  at  RasoluM ,  an  ContwalUs 

1.1  land  . 

Field  studies  into  more  spt'clallzed  aspect:,  of  permafrost 
wore  cond'L-cted  in  recent  years  hy  the  Gec;igraphica]  Branc".  3f 
Canada's  Dupjriment      Mines  and  Technical  Surveys,  not  cnly 
in  the  western  Atctlo  where  the  more  (jeneral  work  of  the  Na- 
tional Research  Cour.cil  has  beer,  concentrated,  but  also  Ir.  the 
eastern  Arctic .   In  the  eastern  part  of  Quebec  and  ad;acent  parts 
of  Labrador  groat  ir  in  deposits  wen;  [i;:ii:i jvered  and  are  now- 
being  extensively  worted  in  open  pits.    Here  the  perennially 
Irozen  cor.di tlor'.  of  the  ore  rock  gave  rise  to  a  variety  of  un- 
usual problems,  all  additional  to  the  usual  unes  encountered 
with  frozen  soli .  Technical  staffs  of  the  responsible  mines  are 
carrying  out  field  studies  and  research.  At  Schef f crvllle ,  Que- 
bec. In  the  heart  of  this  area,  McClIt  University  In  195.4  estab- 
lished Its  sub-Arctic  Research  Laboratory  which  served  as  a 
valusble  canter  lor  much  useful  Aald  aiudy  of  permafrost. 

rorther  north,  tha  now  fasioua  but  InlilaUy  very  secret  DEW 
Una  waa  oonstraeied  aloag  the  areUe  eaaat.  Item  Alaska  to 
Oraaalaad .  Logistics  probably  oonitttalad  tha  major  problem 
in  this  gigantic  undertaking  slaea  the  actual  amietiMa  used 
are  not  large  or  unduly  oompIsK,  bwDfarlng  only  the  careful 
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odoptinn  ft  accepted  Icundatton  mcthiTis,  cspiicl.illy  (.>r  siuss 
r:n  pcninnlolly  frozen  »olI.  The  wide  usi^  '-1  nLTl  il  tographs 
!of  prulimlnnry  reconnaissance  ul  thtie  sites  was.  a  design 
feature  of  Iniereat.  as  It  was  also  for  the  selection  of  the  site 
of  the  new  I  iwn  -i  Inuvik  In  the  Mackenzie  Delta.    Now  the 
ddmlnl st-'atlvo  center  fi:  r  all  Canadian  qcvcr^m'Titjl  <*ratl"fr, 
In  the  northwest  :.f  the  !>nnlnion,  InuvIV:  ri'pl.iri'd  thi^  "id  set- 
tlrTient  rif  Aklavl**;.    Almn:;t  all  the  huiiriincjs  .itt;  tLiundcTj  jri 
piles  thot  were  slenmeri  IntL'  tiie  tf^£e:\  ai^U,   Ttiese  f  jur.da- 
tions  are  perfatmlng  very  well  [  2Uj  . 

Road  access,  ti..  this  remote  Canadian  town,  within  a  very 
lew  .Tillea  ul  the  arctic  coast,  is  plann<-d:  hul  !■  r  .1  Umq  time 
dCCfiSS  mast  ODntlnuo  by  water  d  twn  Iht*  Mrtttkenzle  and  by  all 
MbW  the  excellent  landing  :itri(:N,  rtltriusi  all  successfully 
built  on  porcnnlally  Irozon  soil,  that  now  scr.'e  the  ireat  val- 
ley.   R"ad  eonstJuctlDn  Is  slowly  forginQ  n  rthward.    In  Ala'jlc.i 
and  the  Yukon,  extensive  road  mileage  n  jw  exl.T.:;  between  the 
60th  and  65th  parallels.   The  gold-mining  center    t  Yell:w<rilfe 
on  Gri-jt  Sl.ive  Uske  .  N'WT ,  ca.';  now  be  reached  by  road  through 
the  :  .f    '.  11  jerry  crossing  the  Mackenzie .   And  the  south  shore 
of  Great  Slave  Lake  will  scxjn  be  roactied  by  a  new  raliroAd. 
beltvg  specially  constructed  to  sarw  tiM  Mwly  dlsaovMd 
zinc-lead  ores  at  Pine  Point. 

Siimewhal  to  the  5 outh  In  tin;  prr^vin::*:  ■-!  M^init.'ba,  the  In- 
tcrnatlunfll  Nickel  Comp.my  now  has  in  operalioti  a  nickel  plant 
of  the  same  order  of  magnitude  as  these  In  the  fainous  Sudbury 
basin.   The  plant  and  a5  5'>clAtrd  townslto  of  Thompson  are  lo- 
cated In  the  southern  fnnr)..    '1  ,i      the  permafrost  iegi:jn. 
Foundation  pri  blenis  con^m  u.  k:  n-'re  northern  building  practice 
wore  encountered  sporadically,  itu-  oi.it.log  them  difficult  to 
deal  with  economically  [ill.   To  iti  ,b  ir.e  greai  plant  and  the 
town,  the  Kelsey  water  power  plant  was  built  S5  miles  to  the 
northeast  by  Manitoba  Hydro,   The  plant  is  unique  In  that  two 
t  in.:  larger  dykes  necessary  for  the  creation  of  the  reservoir 
had  to  be  built  over  perennially  frozen  soil  with  the  knowladge 
that  the  water  In  the  reservoir  would  Inevitably  change  liw 
thermal  regime  of  the  underlying  ground.  The  perionBanos  of 
the  dykes  Is  being  very  canifuUy  obMivad,  IhU  b«iii«  •  Held 
iete«ich  project  of  unuMiel  faaclMtleii. 

"Mm  bM'«>ey«  vlw<r  of  the  iteady  dWWlBpaMlH  Of  IWrttom 
CMwd*  «Mi  be  aupplemMied  by  a  picture  of  die  oUw  mtIIimii 
eetaibllalneBta  in  Iwth  GeiiMie  and  AUake,  aucb  ea  Om  Rudam 
Bay  Itolkoad  and  the  Atoaka  Ratlioad.  that  hav«  baaa  paffotalno 
quite  asttafeeiertly  lor  many  years . 

One  can  think  of  all  thaae  engineering  vrorks  without  con- 
sciously remembering  that  all  depend  for  Hiair  aaaentlal  aia- 
btUty  Mpon  the  underlying  iiosan  ground  •  But  Um  faet  that  men 
m  ditlUng  tor  oil,  oonMnwttag  roada  and  rellwaye.  building 
near  towns,  aiunlnlpal  utUldM,  and  even  large  water  power 
plaats-«U  norih  of  Mm  aemham  Umli  of  ttla  oendltlen  ealM 
paroafieat— ahowa  clearly  that  unuaual  taftaln  eondtUona  wilt 

not  Impede  northern  development. 

All  ttw  much  of  this  northern  work,  however,  has  been  done 
Without  full  appreciation  0(  the  precautions  that  must  bo  taken 
when  building  on  penoafroat,  with  consequent  troubles  artd 
qwlte unnaoaaaaiy  ooat.  Aa  In  ao  aiany  other  fields,  this  has 
been  the  unfortunate  reault  of  lack  of  communication ,  coupled , 
probably  in  aome  caaes,  with  the  North  American  falling  of  too 
much  hurry,  leaving  no  time  to  the  civil  engineer  for  proper 
study  and  tnveaUgation  of  what  la  known  before  conalruetlon 
begins .  Thua.  it  la  that  ihla  conference  la  ao  dearly  to  be 
walfionad.  tarhmUig  tosathar  Craai  ataay  eouMrtaa  thoaa  who 
h«w  aeiual  aapartaam  with  panaatoat.  Ilia  ptooaadtava  of 
Hia  cotilaranee  wlllaaaundly  amrm  farMnyyaara  «•  a  imlu- 
tMd  alerafieuaa  of  knowledge,  avallabla  for  eonaultation  by 
all  who  are  concerned  with  perennially  frozen  grtiund. 

Gathering  information,  however,  valuable  as  It  Is,  consti- 
tutes only  a  part  of  the  challenge  of  permafrost.  There  i-.  •;  i 
much  more  to  be  found  out  about  It.  and  about  the  measures 
that  can  be  taken  to  control  its  effects  upon  engineering  works, 
and  vice  versa,  thai  fertile  lleUs  fur  research  surround  the 
alart  atudentof  the  North.  Of  apeclal  importance,  ceruinly  in 
Canada,  la  a  mora  aocuraia  daUiieatlon  of  the  actual  extent  of 
pamafteal,  a  major  pnjael  upon  wMeh  wa  ara  now  aeitvaly 


engaged,  lust  as  Richardson  suggested  more  than  a  century 
ago  C22] . 

It  may  be  appropriate  if.  f^bservp?  thaP  rrintiner.tal  United 
States  has  it::    wn  penrialrost,  even  i:i  New  tnglatid,  the  top 
of  Mouni  Washington  having  been  shown  to  be  In  a  perennially 
frozen  condition  through  the  drilling  of  a  special  test  h:  le  near 
Its  sum.Tilt.  Trifling  though  thlc  occurrence  may  seem  to  be,  it 
ran  almost  be  Mkan  aa  a  syiabol  of  the  challenge  pgaaamwd  by 

f.errn.i£rQSt , 

That  Iroier.  mjuntam  to^.  can  remind  us  that  permafrost  has 
long  since  ceased  tu  be  a  mystery.    We  k.-.c  w  that  it  Is  a  con- 
dition of  the  ground  intimately  associated  wr.h  the  mean  annual 
local  air  tomporature .   We  can  now  determine  when  to  expect 
r. .  When  it  is  anticipated,  we  can  plan  our  engineering  ac- 
tivities acoardlngly.  This  we  must  do  as  northern  Canada  end 
Alaska  are  slowly  but  surely  developed  for  the  use  and  conven- 
ience o(  man.  If  every  engineer  who  is  called  upon  to  work  In 
the  North  will  remeaibar  aoaia  of  the  unanawared  questions 
about  the  scientific  aspects  of  permafrost,  the  consirucUve 
linking  of  his  developmental  work  with  the  inquiries  of  the 
scientist  will  surely  assist  In  atlU  further  rolling  beck  the 
botmdartea  o(  our  undaratandliig  of  die  woadatful  world  la 
which  we  live. 
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PERMAFROST  PROBLEMS 


N.  A.  TSnOVICH,  National  Ataociatlon  of  lh«  USSR  for  Soil  Matdianlca  and  FoundaUon  Envlnaadng 


I  Mah  10  «tMt  tha  pnaant  lilsh  aaaaaUy  an  iMtiaU  of  tha 
•ovlM  telMMM»»llM  pMMon  lA  uwMttoatMii  9t  pmutngu 
HnniftgiH  was  mMlamd  for  tka  Onl  tma  tn  tha  Manaa 
aOUtarjr  xapoita  of  6labav  and  Oelovln  fl04Q.  Tha  Orat  aelan- 
ttfle  iiwoatt^aUon  oi  panaafreat  In  VkkutA  and  at  odiar  potata 
of  aaatant  ttbatla  waa  eaMad  «iit  by  aoadaialelan  A.  F. 
Mlddanderf ,  •  Rnaalan  aeianttat.  wbe  puhlialMd  a  book  In  1040 
antltladJiMnis£jnj£h|ri2.  In  thla' book  MlddaBdorf  paid  gnat 
attontlon  to  study ing  panaatoat  taapantura,  which  ha,  hla- 
aalf ,  Biaaaund  In  pfoifrtlng  hotoi  and  tn  m  apadal  pit  dug 
In  Ykkirtak. 

In  IB95  a  w«U-koewn  Russian  geologist,  I.  V.  Mushkatov, 
in  eaeperation  with  V.  A.  Obruchev  and  othar*.  wrote  the  first 
Instnictlong  far  Investloatlon  of  rro«cn  Soils  tn  Stbacla.  N.  S. 
Bogdanov,  A.  V.  Lvov,  and  other  engineers  who  davotad  thalr 

effort  to  the  construction  art  and  tha  search  (or  water-supply 

sources  and  who  generalized  the  axperiertce  of  the  building  of 
the  first  railroads  tn  Siberia  arvd  the  Par  East,  made  a  large 
contribution  to  the  investigation  of  permofrost  in  1912. 

In  1927  thi!  5e.-.nr«l  work  of  M.  I.  Sumgln,  Perrnafrost  within 
the  USSR,  wrts  rtlriirtdy  published  In  the  Soviet  Union.  The 
publication  of  this  work  marks  the  establishment  of  cryope- 
dology  as  an  independent  branch  of  5cier-rr.    Py(igir-,r.ing  jr. 
1930.  investigation  oi  permafrost  in  tha  Soviet  Union  has  bean 
carried  out  mainly  by  the  UOSK  Aoadaaiy  of  Oelanoaa  In  a 

planned  manner. 

After  (Ivr       •.  n  yearn  It  became  possible  to  gener.ilizc  thr 
numerous  ex^t-urrmntal  data  in  such  (undanenial  woriis  as 
Principles  oi  Mechanlca  nf  Ptnaan  Cwunda  (1997) .  ftonnn  Soil 
Sclertco  (I'S'ltl) ,  etc. 

Many  theotcucnl  and  applied  works  weif  (.ublinhcJ  mcom.y 
(on  T.echamcs  of  frozen  soils,  enolneerlng  geo-cr/oJogy ,  t.'ier- 
n.i:  physics,  ba-p-  ir1  n.,r.datlons ,  etc.).  and  ir.  1959  — the 
gt;3ii*":al  mor.oyiofih  Pnntnplc;;  nf  Gcncryology  wa.s  t;ubhsh«i.i  in 
two  parts.    The  later  edltlor,.s  exli^nd  the  rar.qe  of  tht-  .'rrl  I'jns 
of  permafrost  investigation  to  all  the  objects  connected  with 
the  cryosphere ,  thus  laying  tha  fOnndation  Of  a  BMre  oonpra- 
henslve  science. 

In  summarizing  tha  aehlavaaienta  of  tha  Soviet  specialists 
tn  investigation*  of  pasaiafioat.  It  should  ba  amphaslzed  that 
tin  baile  awlhoda  of  ctafala  building  on  parmafroat  have  alraady 
baaa  irnfcod  out  in  tha  Sowtat  Union.  We  build  the  same  tUitd 
of  honaaa,  mdaaiiial  bulMmga,  and  ametnma  en  panufMit 
■a  In  Hw  rogiena  oulalda  lha  pamaJtaat  lono.  For  Inataneo. 
In  Ilia  dty  of  Norilak.  built  on  panaafroat  undar  aavan  aiotle 
eondmona.  woikara  and  aatployaaa  llva  In  aMdant,  aiaiigf- 
atorlad  atona  honaaa  with  all  eenvanlaneaa.  audi  aa  eantnl 
haattng,  hot  watar.  battoooaia,  ato.  Oaaidva.  tha  elty  haa  a 
awiamlng  pool  and  olhor  apoita  Inatllutlana  funofinnlng  all 
yaar  mad. 

Ixpadiuoaa  and  atatlenaiy  in¥Mtlguiona  hava  aada  it 


poaalUa  to  aatabllah  tha  tagulacltiaa  in  Hm  fomatton  of  fratan 
a«iia  and  indaigraund  lea.  aa  w«U  aa  thalr  Vpaa  and  gao- 
gcaglileal  diatrlbiitlen,  and  tha  dynaadea  of  oiyoganle 
pfoeoaiaa. 

Oaaad  an  lha  invoatlgatlon  of  physics  and  vadbanlea  of 
fraian  aofla.  tha  Ihaeiy  of  laeoaiplata  fiaaslng  of  walar  In 
dlaparaad  aoUa  and  tha  ihaoiy  of  dynaaito  aqulllbcluB  of  un* 
ftotaa  watar  and  lea  In  ftoamn  aoUa  hava  baaa  aoggoMod  and 
dawalopad:  Mtanalva  phyaieo-ehandeal  pteoaaana  In  finaxing 
and  liDian  aoUa  bawa  baan  nowadf  gnantllativa  and  qnalim- 
tlva  fdiaagaa  of  tta  moehanleal  psopaitlas  of  solle  (in  eaaa  of 
fra«sir>g  and  further  decrease  of  temperature)  have  been  shown, 
and  methods  of  estimating  the  theological  processes  in  frozen 
soil*  have  been  established.   Theoreucal  principles  and  new 
procadura*  have  been  wwked  out  (for  investigation  of  freezing, 
frozen,  and  thawing  soils)  such  as:    Methods  of  geocryoiegical 
survey,  electrical  prospecting,  heat-mass  exchange.  stTOC 
tural- optic  determination  (using  sactlons  of  loo  and  froaan 
soils),  adhesion  forces  and mlctohafdnaaa.  andetaapand 

streas-fupture  .itr(»:5gth. 

All  t.iis  has  made  poss.blo  extensive  utilization  of  scientific 
qchirvoT.cnts  ir  rriir.orais  production,  in  btUldlng  vartous  typas 

of  .struct -rc.-^  nr.  pcrmafrn^t.  ar.d  in  ualOg  WlnlOr  COlid  fOT  tha 

purp'Oses  of  the  n.^tjonal  econoiriy. 

For  farther  progress  ir,  developing  the  northern  regions  as 
W(>ll  ,1'^  turthrr  rjurrrss  m  bjildint;  on  pernafrost,  it  Is,  how- 

iir'i.  essary  to  continu*?  •.ht>i:r„gh  InvrritujaClcjn  of  thn 
processes  of  mechanical    thermal,  and  physicochernlcal  inter- 
action ol  permafrost  with  various  objects  of  man's  economic 
activity.    Such  Invn '.tigatuir.s  should  he  based  on  detailed 
stLidy  of  tlia  i-iroper'ins  of  p<-tm<if:ci!;t  and       change  under  tha 
influence  of  e>:terrial  factors.    Many  problems  can  be  solved 
only  by  mui...^.  -flr.rt:;  of  all  the  I  nvaatlgatera  lUKte  tha  Condi- 
tions of  interiiaiioridl  cooperation. 

The  following  taafca  aaan  to  ba  tiigant  in  fiathar  Inaaatlga- 
tions: 

1  •  To  astabliah,  on  Iho  basis  e(  integrated  studies  o( 
frozen  soils,  tha  ganaral  laws  tiiat  define  the  processes  oi  in* 
teraction  of  pamafrost  with  various  objects  of  economic  ac- 
tivity, and  to  work  out  methods  for  eoMrolUng  these  praoaaaaa. 

2.  To  davalop  engineering  laaOwda  for  aolvlng  conpltoalod 
prablaaiB  of  building  by  using  tha  slawlatlon  ihoiny  and  alao- 
traaic  cwapmara  on  pieblaaia  of  ttamal  pfayslea  and  atachaniea 
of  toonan  and  thnwtng  baaaa.  on  ealenlatleo  of  amOeially 
fioaan  aoil  gnaida.  and  on  eeaplaac  piObloBa  of  foundattons. 

9.  To  laipiava  tha  mathoda  of  building  and  aialntananoa  of 
amiettnaa  built  on  pomaflroat  by  induauialltatlon  and  auto* 
oMtlon  of  aonia  pioeaaaoa. 

Flaaaa  aocapt  enoo  again  lay  ginatlnga  im  babalf  of  tha 
flovlat  panaaffoat  Unraatlgalara  and  aiy  wish  far  gnat  suoeaaa 
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SESSION  II 
SOILS  AND  VEGETATION 
PANEL  2a 


RELATIONSHIPS  BETWEEN  VEGETATION  AND  FROST  IN  SOILS 


WILUAM  S.  BENNINGHOFF,  Uiuvarsity  oi  Michigan 


Ton  years  ago  some  plant  ecologlsis.  including  nyscj;  fcjt 
confident  of  their  abilities  to  evaluate  probabilities  o!  inton- 
live  Irosl  actinn  or  pormalrost  m  soiis  froi^  the  nature  of  the 
vegetation  on  the  Bite  arvd  evidences  of  recent  vegetation 
history.   This  attitude  was  naive.  We  had  some  appreciauon 
(or  the  complexity  of  the  heat  transfer  problems  at  the  soil 
surface  and  in  the  vegetation  bcundary  layer:  but  we  too 
readily  iss^red  that  our  lr,:ri  i-:--.s!:on»,  bolstered  by  tcmF-ora- 
tura  moasurements  at  a  few  points  m  apate  a.-.d  tlnm,  would 
allow  usable  approximations  of  the  effects  of  different  kirds 
of  vagetauon  cover  on  Oi«  thermal  regime  of  the  uridorlying 
■oUi. 

Our  concluatOM  y*mrm  In  flood  part  professional  translauons 
of  eooMiraii  kmwicdg*  of  practical  man  wortung  in  the  North. 
With  holp  lion  thoao  awn  wo  hit  upon  soma  cotneldoncaa  of 
vogotMlon  and  MU-Cmat  lAonomena  that  hsvo  pravod  uaoful. 

hwo  at  yot  taw  Mtlafnelny  descnpuona  of  actual  maeha- 
nlasa  lalattng  vagatatten  to  aoU  beat.  Iho  ate  of  HOa  ttapar 
la  to  radofina  Am  vagatattan-aaU  diaaaal  faauaa  and  to  iug* 
gaat  aoiia  approachaa  that  nay  aaalst  in  undarataadlna  lha 
prooaaaaa  tiiat  eoiipla  thaao  phanoaMna. 

M  (teat  glanea  thti  would  not  aaan  a  dlttleult  ayatom  to 
analyao.  Ilia  praUaoi  la  ona  of  radiant  anavgy  tranatar,  taag^ 
In  tha  Uitand  wavolangiha,  fmn  tha  aim  and  atBoaptian  to 
tba  soil,  with  eaitala  modJtteatlcna  Inpoaad  by  tha  liManraniiiv 
vavatatloa.  Roarawar.  ovan  aUapla  ktnda  of  timit  eovac  ooa- 
taia  oonaidotaUa  vartoty  In  tanaa  and  spaotng  of  Hw  vtaalaf 
tha  planta  ottanaa  in  charactar  Jiraai  aaaaon  to  aaaaon.  and  tha 
eonaninlty  ehanges  from  yaar  to  yaar.  Tha  planta  and  thair 
rasiduea  contlniMualy  ciianga  tha  pkyaioal  aa  wall  aa  tha  Uetle 
character  of  tha  alta  aa  long  aa  tbay  occupy  It.  Tha  plants  and 
their  raalduaa  wars  alaboratad  by  naans  of  a  amall  portion  of 
the  solar  energy  auppliad  to  tha  alta ,  and  thay  In  turn  modify 
the  energy  pathways  within  the  vegetation  stratum  out  of  alt 
proportion  to  the  stored  energy  they  represent. 

These  materials  arvd  forms  of  biological  origin  are  In  a  claas 
apart  from  the  morgarUc  elements  of  landscape:  they  have  dif- 
ferent physical  charactensttcs  arvd  are  distributed  over  the 
lar.dicapc  in  a  nosaic  of  ratterr.s  governed  by  quite  a  separate 
set  of  constraints.    Tlie  ;;flttern;:  of  vngntfltfcn  have  some  rela- 
tions to  patterns  of  physical  characteia  of  s:t«:.  i-  !<;w 
Instances  can  we  satisfactorily  explain  one  pattern  by  the  mere 
presence  of  the  other. 

Taiclrg  note  of  variation  In  vegetation  o\'or  ihrtrf  nt  stances 
a-d  potential  influences  on  the  thermal- energy  ijrl^    wa  are 
soneumes  surprised  by  the  relatively  small  differences  in 
frost  phenomena  In  the  noils  of  those  sites.    Or.  the  other 
hand,  we  .T.ay  see  difierencas  from  piaca  to  place  In  soil  frost 
features  whrrn      ran  detact  no  oonoapondiiig  diffaranooa  In 
the  vegetation  or  soils. 

In  the  Big  Delta  area  of  Alaska.  ?irdi;r;  tussock,  hunmock 
bog,  and  black  spruce  muskeg  vegetatlo:'.  was  founii  to  be  a 
rallabla  indicator  of  permafrost  at  a  shallow  depth  m  poorly 
drained  lowland  sltas'and  on  so<ae  north- facing  slopes  of 
moraines  ill  On  outwaah  deposlta  vegetation  was  unreliable 
as  an  indicator.  On  the  west  side  of  tba  lower  Delta  River, 
outwash  mantled  by  aoUan  sand  artd  silt  haa  a  very  shallow 
paimatroat  taUa  and  la  eoverad  by  denae,  vigorous  spruce 
ftxaat.  On  tha  oaat  alda  of  the  Delta  fUvar  there  it  also  haavy 
aproea  fomat  on  oiitwaah.  but  parmaftoat  la  daap  or  absent. 
CooMMDly  obsanad  ehacaetara  of  vagatatlan  ^nwlda  aaltliar 


straightforwaic  ror  uriiversal  indications  of  the  frost  charac- 
larlstics  of  the  soils. 

In  sub-Arctic  areas  where  permafrost  is  dl scont^ruojs ,  the 
temperature  of  trie  soil  Immediately  beneath  the  active  layer  is 
near  O  C.   In  these  regions  locai  influences  may  displace  the 
tcmporaturo  slightly  in  either  direction  to  make  the  difference 
Lxitween  permafrost  or  no  permafrost.    In  regions  of  continuous 
pemiafrost .  vegetation  influences  the  depth  of  annual  thaw  but 
not  the  occurrence  of  permafrost.   The  occurrence  and  magni- 
tude of  seasonal  frost  action  in  the  upper  layers  of  soil  are 
everywhere  influenced  by  local  condiuons  of  tha  energy  en- 
vironment,  aspacially  Ihoao  Inposad  by  waathw  and  awdlflad 
by  vogatatlen. 

My  work  la  with  vagatatlon  and  its  environmental  relational 
But  haia  I  will  itak  going  beyond  my  cmnpawnca  in  physical 
aapaeu  of  radlatlan  and  boat  In  oitler  to  oivlan  tdaaa  about 
thamal  faudgat  dailvad  tnm  faotaaleni  oboanratlona  and  to 
avahMla  aoaw  ltwattt«atlan  toehamtM  that  appoar  pfaattaing. 
I  wiu  wotoom  oiWolan  and  gtfdanoa. 

Conaldarabla  pragioaa  has  baon  aiado  raeantly  on  haat  faudgota 
of  glaetara  and  anew  ooiMra  It,  i,  4]  and  of  lakaa  [B],  whan 
tha  aiiriaoa  and  subauffheo  matarf ala  and  autaa  an  mlatlvaly 
unlfoim.  Qoophyaleal  and  anginaartng  invoatlgatiena  of  haat 
flow  In  tha  ground  are  achieving  ueeful  apprwdawtlons,  avon 
with  tha  aaatnaptlan  of  afiaetlva  hoiwganalty  of  thamal  prap- 
aitlas  and  haat  toad.  Tha  weilt  of  Laehanbraeh  [6]  on  thioo- 
dlMensiotial  heat  conduction  In  permeftost  in  tha  presonea  of 
a  boat  load  anomaly  is  an  especially  significant  step.  Very 
raeantly  exploratory  efforts  have  been  made  to  investigate  tha 
anargy  btldgatS  of  tho  c-vironmnnts  of  torrestnal  blotlc  COItl- 
muiUttas.  notably  by  David  M.  Gates  [7,  8,  9].  The  nantia 
of  vegetation  over  the  greater  part  of  the  land  surfaces  of  tha 
world  provides  so  complex  a  filter  between  the  sun  and  atmos- 
phere  above  and  the  ground  beneath  that  investigations  of 
energy  exchange  withm  it  have  been  discouraging.    It  may 
prove  helpful  to  view  this  problem  from  the  standpoint  of  the 
vegetation,  m  .■ipltr  of  the  fact  that,  for  mo  «t  in«st.  it  is  not 
possible  to  put  this  inquiry  on  a  quantltauve  basis  at  this  tlma. 

I  should  acknowledge  a  debt  to  C.  C.  Nlklforoff  for  some 
of  tho  ideas  contained  here.    With  the  prescient  view  afforded 
by  his  oxperioncc; ,  he  described  .  1  Oj  tha  soil  for  us  as  the 
"excited  skm  of  the  s.oaerlal  par.s  of  the  earth's  crust.  '  ana 
he  demonstrated  the  key  roie  of  vegetation  in  the  fixation,  stor- 
age, and  ciiversified  nloaaaef  thaanoigy  laigolyraaponatbla 

for  thl.s  excitation. 

Gates'  .  7  .  summary  equation  for  the  energy  e n vlronraont  Of 
organisms  can  be  adapted  with  respect  to  definitions  of  certain 
terms  to  provide  a  means  for  pt.lntlncj  .iut  the  er.ergy  ii.-i.:)  :i:.cl 
of  several  processes  pertinent  ti.  the  thermal  regimes  of  soils, 
as  follows : 

(1-r)  (Stt)  ♦  R  -  R  ♦  LE  ♦  G  ♦  C  -  <P-M)  •  0  (1) 
whara  •  • 

Cl>i)  (t*a>la  dtraet  plua  seatlarad  suaUgbt,  loaa  that  ra> 
flaetad  by  soil  surface 

Hi  ia  infrared  thermal  radiation  from  atmosphere 
and  objects  above  ground  surface,  including 
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Is  Infrared  therroal  radlatloii  from  ground 

LE  It  evaporation  o{  water,  with  L  being  the  latent 
heat  of  evaporation  Md  K  tho  «Miittiy  of  wolat 

evaporated 

G  Is  conduction  of  heat  between  bodies.  Including 
organisms,  significant  mainly  to  bodlM  or  tholr 
parts  In  contact  with  (Oil.  OrWOtOT.  lOO.  OT 
•now  on  tiia  ground 

C  is  eonwactlon  of  haat  to  or  Uraai  bodiaa.  laeliMip 
Uip  Cm  convoetlon  tn  aiUl  air  or  watar.  aad 
forced  convection  la  windy  air  or  noirtng  watar 

p  is  photos/nthetia  by  «Maa  ptaata.  mmumw 
storage  term 

M  la  matabelttiB  of  photoaynttiata  and  Its  dartva- 

tlves  by  all  organisms,  an  energy- release  term 

Tho  effective  plus  and  minus  si^ns  may  be  r<»vt»f;;<Mj  Jturnnlly 
and  *enr.orTnlly  lor  R^,,  Rg,  LE ,  G,  and  C  with  respect  to  thi- 
ground  suriace,  nnd  P  may  drop  to  jtero,  so  that  during  some 
periods  the  value  for  M  wiJl  excefld  ihi-  value  tor  P.    For  a  uni- 
form mineral  surface  with  no  vegetation,  this  simpUlirJ  modwl 
would  be  a  relatively  practical  equation;  but  vegetation  intro- 
duoaa  highly  complex  variable*  into  every  term,  even  to  some 
degree  that  of  direct  solar  radiation  tar  lavaU  banaadi  Ihin 
tallage,  which  filters  out  curtain  spectral  bands. 

Vagotatlon  Incraatas  dia  variety  and  araa  of  surfacas  play- 
ing a  part  in  tlw  radiation  anvironmant  by  at  laast  aavaral 
ordara  of  laagnltHda.  TIda  ia  MntMBOunt  to  vastly  tneraaslng 
Hw  mWlnaas  of  tha  aatdi'a  sorfaoa.  but  with  tha  addad  affaeu 
of  Incnaaad  dtvarattv  in  tba  kinds  of  aurfaeaa.  Tha  11,  and  R- 
finetiona  ara  ihua  mmim  highly  conplax.  oipaeiaily  la  vagaia- 
Uon wttb  a  eloaad  eanopy,  faonaatii  whldi  niddia  and  fbr  infta- 
>ad  radiation  la  lo  a  conaldarabla  aodnnt  trappad. 

VBgotatlon  laodtflaa  tha  LB  Itenetlon  poaalbly  as  migIi  aa  an 
ofdar  of  laagnitudB,  prfnarily  by  tha  additional  pnoaaa  of 
•vaporation  of  nanaplratlon  aotatmu  glvan  off  by  foliar  organs: 
and  BMst  of  that  watar  is  oblalnad  by  roota  baoaada  tha  soil 
surfaea.  Tha  US  tuaetlon  ia  laeraaaad  In  OMgnilnda  alao  by  tha 
giaatar  aurfaca  area  of  ata|aets  that  Inlareapt  rain  and  snow  and 
augawnt  axpostira  to  evaporation  [  3] .  Bvan  a  shrub  of  modest 
aiaa  oould  eonoalvably  intarcapt  and  avaperate  1  ooo  g  of  meta- 
ono  watar  la  ona  day.  withdrawing  appraximately  590,400  g  oal 
(at  lO^O  (or  tha  vaporisation  of  that  water,  if  we  assuaia  thia 
shrub  provides  cover  to  4  sq  m  of  ground  surface,  the  energy 
lost  amounts  to  147  . 600  g  cal/  xq  m  or  14.8  g  cal/  sq  cm ,  or 
nearly  3%  of  the  total  dally  global  radiation  at  Fairbanks  In  luna 
111].  Evapotransplration  is  more  continuous,  at  least  during 
the  growing  season,  and  causes  withdrawal  of  even  larger 
quantities  of  heat  for  vaporization  of  water.  Turthermore, 
ovopotransplratlon  'increases  under  more  inten.«e  direct  Insola- 
tion, thu.'j  mod<:i.iilng  the  heat  load  on  the  soil  surface. 

The  conauction  function  (G)  relates  lo  bodies  in  contact 
with  a  raatenal  or  medium  not  subject  to  convectio:-.  The 
undorijrokinr;  parts  of  plants  in  contact  with  aohd  r.oi;  particles 
ar.d  soi)  wotrr  (whcrn  convection  is  largely  restrained)  probably 
conduct  heat  tc  ,ir-d  from  the  soli  in  proportion  to  tho  thermal 
diffusivity  ol  the  ;l  jri:  t-jdy  plus  the  algebraic  \:..im  of  forced 
convsction  of  interna;  ijulds  such  as  the  transpiration  stream- 
Thermal  dlfluslvity  (rt)  15  a  function  of  conductivity  (k), 
specific  heat  (c).  and  density  (p)  in  tha  relation 


Lumber  from  common  tem^jetatc  woods  is  icijortod  to  have  ron- 
dtietilrtty  values  of  0.23  to  0.86  x  lO''^  and  diffuslvlty  values 
of  1.2S  to  1.60  X  10'^,  near  the  commonly  used  mean  of  1 .  43 
X  !•*)  tar  both  iha  conductivity  and  diffuslvlty  of  watar  [  12]. 
lha  dlfliiaiwlty  valuas  of  siost  soils  ara  aavaral  tiaias  as  graat. 
In  kaaping  with  ihair  graaMr  eonduetivitias  and  graaiar  dansl- 
tlas.  Wa  naad  to  inquira  into  tha  aignifteanea  of  plant  body 
boat  oonduetion  batwaan  tha  aiaiesphaM  and  tha  sell.  Bnpin- 
eal  inquiry  Is  tha  only  praelieal  approaeh  with  our  prasant 
undaratanding  of  tha  nany  varlahlaa  potanUally  opanbla. 
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lha  COW) action  function  (C)  ia  alao  aodlfied  by  vegetauon, 
aapaciaUy  the  kinds  that  develop  layur  structure  enclosing 
oonvactlon  systems  within  the  vegetation  stratum  [  13] .  Vega* 
tatlon  generally  moderates  convectlve  heat  uansfer  between 
atmosphere  and  ground  by  reducing  forced  convection  (wind) 
over  the  soil  surface.   Where  there  Is  standing  water  on  the 
soil  surface,  covering  vegetation  reduces  insolation  and  con- 
vectlve transfer  In  the  water,  and  plant  forms  breaking  t.he 
water  surface  inhibit  force-d  advectlon  and  convection  froir.  wind 
ai^d  currrni  .-it  ■.  ir. 

The  last  rwc  t>-.'ri3  of  (1)  require  special  consideration 
Photosynthesis  !)-)  .5  •_>!sentlaUy  a  storage  term,  v,-i:h  :.ii,:-,fi- 
cant  and  long-range  effects  nn  all  the  other  terms  except  that 
of  direct  solar  input.    P  tuptc.'ient.s  not  morn  than  about  2% 
efficiency  in  fixation  of  direct  solar  input  (Riley  i  14!  esti- 
mated 0. 1 8%  as  a  mean  value  for  the  plant  world) .    But  P  I s 
cumulative  up  to  a  point  of  equiUtjrium  with  metaboUsn  (M). 
the  term  for  the  life  processes  that  are  largely  responsible  for 
releasing  the  energy  accumulated  In  P.    The  terra  P  represents 
the  standing  crop  of  plants  and  anlm.i  ^  ;  r.-,  thr-  ie.-':i  n,-irrial 
(humus)  in  all  states  ol  degradation       ;ir  j.-im  :,m!i  aud  bj  non- 
biolo^ical  agents.    Avery  significant  pjjr-  i:i  that  photosynthe- 
sis. bein.g  a  photochemical  reaction,  maintains  the  free-energy 
laval  of  the  absorbed  solar  radiation  by  ayndiaaising  eonpoiiada 
high  in  energy  potential. 

The  energy  of  these  compounds  runs  the  ocosystam  by  tha 
Riatabollc  procossas  M,  an  extremely  Involvad  chain  of  awanta 
with  manifold  pathwaya  and  countless  side  affects  on  tha  thar- 
mal  energy  anvironawnt.  lha  photosynthetlc  plants,  in  lona 
ranging  from  microscopic  algae  to  traas,  grow  and  changa  tha 
anargy  laadscapa  by  lhair  feias  and  vailoiis  ttisnMl  oharae- 
tatlstiea.  MaMa  lapreduea  thoir  kinds  and  pravlda  aubsi^ 
tanoa  to  tha  naaaulolraphic  argantsais  (aniaala  and  namgman 
planM) ,  dueugh  trldoh  lha  anargy  ia  paaaad  until  diasipntad 
by  loss  of  afOoianey.  Mong  tho  way  tha  aiatabolio  proeaasos 
raauJtintranafsrof  haalinlla.  IL.  G.  and  C  and  In  use  of 
haat  far  onpanlien. 

Tha  blotogleal  Coma  within  dia  tisgataUca  mantle  of  tho 
asrth  ara  alt  alabcratad  torn  this  rolaUvaly  aunor  fraction  of 
tha  anoigy  input  to  tha  aystam.  lut  bacausa  f  Uxas  that  in* 
put  at  a  high  fraa  anargy  laval.  and  baoausa  M  raprasants 
transfsra  of  anargy  with  high  attieianey  (siora  than  20K.  in  at 
laaat  aonia  stapa  in  animal  food  ehalnri.  ttm  anargy  saaaruoir 
craatad  by  f  has  a  relatively  lortg-term  effect  expressed  with 
ramarkeble  diversity. 

Organisms  Increase  the  thermally  active  surfaces  and  re- 
action variety  in  the  atmosphere- solid-earth  boundary  layer 
[  13  1.   In  the  colder  climates  productivity  is  lower  because  of 
the  shorter  season  for  photosynthesis  at  significant  rates 
(some  evergreen  plants,  notably  conifers,  are  known  to  be 
photosynthetically  active  at  low  rates  In  sunlight  when  nm- 
bient  temperatures  do  not  permit  measurable  growt.h) .    But  the 
motabohc:  procesr.e.s  nie  similarly  curtailed,  even  :nore 
.'Jtrnngly  crurlrtjled  in  iltler  and  huTr,us  .ayers  of  cold  wet  soiis, 
so  that  oryanlc  residues  accumulate-    Those  residues— litter , 
humus,  and  peat  — add  still  another  set  of  spec:inl  thermal  con- 
dition; \r.  fv;  ixiundary  layer  between  soil  and  atmosphere. 

We  are  nwnie  ol  tfie  high  reslstarK:e  dry  humus  offers  to 
neat  transmission,  ano.  on  the  other  hand  ,  the  ability  of  huiaua 
to  hold  water,  with  its  (10  to  15  times)  greater  conductivity, 
high  specific  heat,  and  latent  heat  of  vaporlza'.i n     My  point 
Is  that  this  2%  Of  less  of  solar  input  that  gets  channeled  into 
the  metabolic  pathways  by  photosynthesis  has  modifying  effects 
on  the  energy  onvtronn-ient  out  of  all  proportion  to  its  share  of 
the  total  input. 

Through  P  and  Sf  there  is  feedback  in  this  systex  that 
develops  certain  limits  to  f.uctuations  within  the  energy  en- 
vironment ol  the  vegetation  layer,    These  controls  will  not 
greatly  alter  the  total  heat  load  on  the  solid  earth,  but  thay 
can  conceivably  moderate  extreme*  or  change  distribution  of 
haat  in  space  or  time.  For  aiCBmpla.  a  foliage  layer  iwtaioapta 
a  large  proporuon  of  diraet  inaolation  and  dissipatas  soma 
haat  through  LB,  but  It  aUo  fMoseapta  tha  vptmi  componant  ol 
Rg  and  0  wltMn  tha  uagaatlon  and  nduoaa  d*a  tecad  eonvae- 
tion  cnmpoaant  Krindl  of  C.  fW«  I.  toeaiia  haa  poinhid  out 
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ClSj  that  in  leaves  absorption  of  the  infrared  ol  •unU^llt  Is  low, 
but  absorption  of  the  longer  wave  lengths  of  Intaiwl  bem  ||w 
grourxj  and  other  objects  is  nearly  comF,ete-) 

The  climate  within  the  vegetation  layer  Is  thus  moderateil. 

II  thn  foliagf  layer  is  opened  by  disturbance,  species  with 
greater  light  arvd  tpmp<»r.iturc  inlorjnce  will  enter,  and  plant 
succession  will  eventually  restonr  thn  str-,:t:turi»  of  tho  vcqota- 
tir-'r.  hv 3:  suited  to  the  prevailing  climate.    Th^s  moderation  of 
the  internal  climate  is  restored     This  is  deviation- counteract- 
ing or  morphostatic  feedback  tn  use  tho  terms  of  Maruyama 
CI6];  it  suppresses  diversity,    On  tho  oih«r  hand,  on  sllrs 
With  poor  drainage,  shade  and  constantly  higher  humidity  with- 
in thts  vcgKlrttion  can  lead  10  arcumulntinn  of  mosses  and  humus 
on  the  soil  surface  and  to  eventual  watrrl,n,.;3i7ir.g  so  that  a  foli- 
age layer  above  ground  may  give  way  to  moss,  low  shrub,  and 
herb  vegetation  of  a  bog  nat',-rp  that  progressively  Intensifies 
the  waterlogging-    Hero  is  a  deviation- ampl  1  tying  system  giving 
rise  to  divergence,  morphogenesl^  :n  t.'ie  tein-.'i  uf  Maruyana- 

In  the  sub- Arctic  and  Arctic,  certain  special  conditions  are 
dictated  by  the  short  growing  season,  low  sun  angle  and 
winter  darkness  and  long  daylength  in  summer.    Yocum  Ll7] 
bSB  Shown  that 

.  ■  .from  the  combined  effects  of  the  optical  properties,  heat 
transfer  properties,  and  transpiration.  .  .plants  decrease  ths 
heat  load  on  the  Knrth  In  tho  tropics  and  during  tho  summsf 
of  temperate  regions.  Likewise  they  increase  It  In  the  win- 
ter of  temperate  zonas.  Thus  tbay  increaaa  the  anpUtuda 
of  the  time  and  tpaM  daptadwit  t«nparaiuM  o«elll«lcnt  on 
tha  earth. 

Hit  hlthar  liM  iMltyd*,  dM  Ura  Mlar  radlatton  arallabto  din^ 
log  til*  wliiMr,  to  that  th*  eoMPMiutlnff  Imbmm  of  winiMr 
Iwai  load  bjr  ptanti  sticklna  tfwaugh  tlw  «»»  it  Iwgaly  loM. 
IhaMfora,  It  is  paaslUa  that  tha  total  affaet  of  aub-AreUe 
and  Aictle  vasauMim  la  to  daeraaaa  tha  haat  lead  oa  tha 
•ailh'a  aurfaea. 

>y  Bowaanade  all  |dant  owwiwiltiaa  dawdap  eloaad  oanonr 
layars.  Qraaaland.  aianh.  bag,  and  apniea  foiaat  coanunlUaa 
that  ara  so  wldaipnad  in  tba  North  ai*  axamplaa  of  coaiaiunl 
tiaa  lacking  foUaga  canopies .  Tharafora .  ona  Might  awaei 
that  Umgadt-wava  langth  infrared  radlauon  would  tand  to 
aseapa  uiiward  avan  during  the  growing  season- 

A  (orast  of  pyramidal  spruce  trees  spaced  about  one  crawn 
diamatar  apart  aiight  also  be  expected  to  develop  a  kind  of 
osllular  pattam  of  radiation  and  convection  under  sunlight 
in  absence  of  wind;  sometimes  snow-melt  patterns  in  spruce 
forests  Imply  this  system.    But  just  as  tho  low  sun  altitudes 
in  the  North  result  in  lower  Input  of  solar  energy  per  unit  area 
of  the  earth's  surface,  erect  objects  Intercept  more  direct  In- 
solation that  might  otherwise  reach  soil  surfaces.    It  is  true 
that  thn  sun  moves  through  more  nearly  a  complete  circuit  of 
the  horizon:  but  where  the  shndnw'.  at  noon  ore  more  than  twice 
as  long  as  tr>:  li'ji,,-hta  of  the  plants,  a  well- stocked  stand  of 
spruce,  willows,  or  even  grasses  will  keep  the  ground  surface 
mu-:t.y  i:  shade.    Pyramidal  spruce  trees  with  spacing  interval 
less  tnar.  the  minl.iium  height  wil.  ki-i'p  vrry  nearly  nil  of  the 
ground  surface  in  constant  shadow     Oblects  m  the  shadows 
are  irradiated  primarily  by  infrared  wave  lengths  about  2  mi- 
crons and  longer.   As  Gates  [8,  9  '  ha^  pointed  out.  plants 
have  greater  absorbance  in  these  wave  lengths  and  are  heated 
readily  while  the  source  is  available:  however,  as  strong  ab- 
sorbance in  a  given  spectral  band  is  coffiplaroanted  by  strong 
emittance  In  tba  aaaw  band,  tba  plant  anrtacaa  cool  raptdtr  by 
radiation. 

□urlrtg  long  days  of  summer  there  Is  little  opportunity  for 
release  froni  tha  haat  load  derived  secondarily  from  insolation, 
awoapt  bJT  ahadoir  bom  a  major  topographic  feature ,  with  ther- 
iMl  eonaagaoneaa  naaily  Ilka  diosa  of  nightfall.  Shade  effects 
aCawaqpaan  (ocaat  at  M'lt  ara  wall  damonatraiad  by  de  Percin's 
atfatanHiaaHin  aiudr  of  a  apnoa  fanat  and  a  nlovlng  at  Big 
OaltaClll.  For  tba  parted  Jima  IS'90,  19S6  tha  naaadaUy 
IBpplay  i«dleaM«a«)  global  radiation  la  tha  feraat  waa  IfS 
langlajra  in  eentnat  to  452  langlaya  in  tto  elaafliig. 

tn  IW  tnttL  IM  atalad  in  an  addraaa  baim  tiia  Mtlah 
lealagleBl  floeiaty; 


When  soli  has  vegetation  the  effective  locus  of  both 
absorption  and  radiation  is  no  longer  the  surface  of  the 
ground,  but  Is  somewhere  within  the  limits  laid  down  by 
that  surface  and  the  uppermost  parts  of  the  vegetation.  The 
locus  oi  absorption  and  radiation  is  than  not  a  horizontal 
aarfaea,  but  a  layar  of  daptfi  dapandtng  apon  tha  vagaiation. 

Ho  polntad  out  fuiltaar  dMt  vagatatlen  inmdaoaa  a  apadal  tae- 
lor  in  tlM  thanaal  budget,  that  e(  avapetraaiplratlen,  whioh 
adda  to  iiaipla  avaperatien  at  axpoiad  aurlaeaa  tha  aatraetion 
ofwaiarlitaaidaapar  layaia  in  tha  aoU  and  ralaaaaa  to  tha  at- 
awaphara  under  eomni  ky  Molagieal  raapenaaa  to  other  eandl" 
tloaa>  To  lhaaa  ganaraUaatlena  two  nera  aheuW  be  added: 
Mgatatian  divarattlaa  tba  radiation  environraant  over  the  aub- 
aartal  turfaoa  of  tha  aarlh,  and  vagatatlon  rapraianta  a  rasar> 
votr  af  Btered  enaigy  thMliaa  nany  aide  affaeta  en  die  thanaal 
lagina* 

iNvunGATiitG  me  wsamoii  touNOMor  ucntn 

Virtually  every  study  of  energy  budget  In  a  natural  system  haa 
disclosed  unanticipated  and  unexplained  anomalies,  and  thus 
new  problems  to  be  investigated.   The  thermal  budget  Involving 
the  vegetation  boundary  layer  specifically  has  tieen  less  ex- 
pterad,  but  it  certainly  will  prove  no  less  complax.  Yet  wa 
■kuat  gat  on  with  such  studies.  uUlizing  tha  batwr  sanaora  and 
lawrovad  tadwiqaea  new  availaM*  for  dataetien  and  laaaaura- 
aiaot  of  thanaal  phanOBMBa. 

Petnt  obaafvatlona  by  thamaaMuy  and  naagar  polat  aampUng 
by  radleaietn^  hevo  glvan  ua  kalaidoaeopic  gUnpaea  of  thamal 
atatae.  Wa  need  to  dalaniiina  diaMbutlons  of  guantitiea  of 
thanMl  anmpy  and  rataa  of  iranafar.  Of  key  inpoitanoa  ara 
dataradnatlone,  or  at  laaat  approMbutiona,  of  danalty,  apael- 
Oe  haat,  and  althar  dlffualvlty  or  eeaduetivlty  {tranaaattaiMe) 
for  eaaunen  aubetaaeaa  in  the  vegotatlon^aoll  ayateoi.  t  have 
baan  aUa  to  find  ooly  aoattarad  laeorda  of  thaaa  praparttaa  te 
eeoMMreially  uaad  aiaiailala.  aad  uny  of  tha  oLaaraallaua  , 
«f«m  Mda  with  atandarda  of  aeeuraey  and  attaadamt  conditions 
inadaquata  (or  our  ptMpoaaa. 

Wa  also  need  obaanratiens  on  raflactance  and  absorbance  of 
tho  aurfacaa  of  these  common  natural  materials ,  with  attention 
to  diftttaaeas  from  one  spectral  band  to  another.  With  radi- 
ometers now  available  at  reasonable  cost    It  should  not  require 
excessive  labor  or  cost  to  obtain  this  Information.    Some  of 
these  tests  could  be  made  in  the  laboratory,  and  some  should 
be  made  there  in  order  to  control  adequately  the  spectral  com- 
position of  Illumination   temperature,  arvd  the  moisture  state 
of  the  surface  under  study:  however,  similar  tests  can  and 
should  be  made  under  Hold  conditions-  Inconsistencies  in 
re.iuits  nay  lead  to  it c ovoriaa Of  addlllonat  vaMaMaa  iapoaad 

under  the  natural  system. 

Another  kind  of  empirical  Investigation  might  be  made  practi- 
cal lot  field  u:ie  by  coupling  a  laser  system  or  other  radiant 
energy  projecting  device  with  a  radiometer.    The  laser  could 
project  a  narrow  band  width  ol  energy  ol  measured  Intensity 
(and  measured  qunnlity  II  de.ilred)  ■..p'On  a  natural  sviriace.  A 
radiometer  with  appronate  b^nd  width  sen.sm  would  be  simul- 
taneously trained  on  thje  irradiated  s'ortoce  to  determine  the 
reflectance.   Currently,  laser  sources  are  available  only  for 
wave  lengths  as  long  as  the  near  and  middle  Infrared  bands,  aa 
for  as  1  know.    Temperature  sensors  might  be  emplaced  at  ap- 
propriate depths  beneath  the  Irradiated  surface  to  measure  dM 
thermai  dilfusivity  of  the  body  under  the  applied  radiation  load. 

In  tho  study  of  translocation  of  water  In  plant  Btans,  uaa 
has  been  made  of  aa  experimental  technique  whereby  a  palae 
of  strong  heot  has  baan  applied  to  ooa  level  tm  the  atOBi  ao 
that  temperature  sanaora  at  levels  up  and  dawp  the  ataai  nan 
detect  the  arrival  of  tha  heated  Internal  fluid.  This  tachnlgaa 
might  be  adaptable  te  atudiea  of  theraal  diffualvity  (or  thai*' 
laal  laaiatanee.  aa  it  haa  baan  called  in  aovlitoBl  building 
raaoarah  [19])  in  ptent  ataaia  and  roota.  huutua  layara.  and 
layara  of  aoil.  Tat  axaavle,  a  etttag  of  taaipantan  aenaora 
fo.g. .  canMc  thanMalar4  oould  be  aaiplaeed  In  veitteal 
eattea  In  aott.  laiga  raota,  nailal  stems  attached  to  thoaa 
foota  «le. ,  with  an  altamlaly  interposed  sartas  of  aloctn- 
oal  raalatanea  heating  olanentB.  Caoh  haaUng  element  oould 
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be  enetgsicd  irdepender.tly  with  measured  amounts  of  power 
so  that  the  tlifiusir,^  thermal  arKiTralj-  could  be  meAsurncJ  by  tha 
network  of  smisinr;  elements.    By  such  -ir  artificial  tempcrro- 
turc-anoTialy  technlqiic.  one  cojld  obt.^in  cT.r.;rical  approxi- 
mations of  thermal  aiffuilvUy  at  cnticai  point*  In  a  given  site 
and  uridot  various  condtttons  lIBpMad  lljr  dlffirant  KllQWl  ailll 
weather  sequences. 

At  the  scale  of  the  plart  comnunlty  dnd  i:te.  we  could  Af.ply 
the  tachntgue  of  tempM-riiurc  iT-iteg:ation  or  sumaijtion  by  su- 
crose ampoules  to  deternuift  .1  tntil  value  fcr  aoove- freezing 
temperatures  at  separate  levels  wuh:n  the  vei;etation  layer, 
within  tiM  litter,  and  at  venous  leveif.  v/;thin  the  so;..  This 
■•thOd  !»•»  described  by  PalJmanr,  Elcheiib«tgcr .  .and  Hasler 
[ZO]  md  KOdined  by  Benhet  [ll'j.    A  solution  cf  suciose  in 

1«  eban9*(l  to  fructose  and  glucose  at  temperatures  Above 
OflC.  Moonstant  pH  the  prograaa  0/  the  conversion  is  deper^d- 
Mit  upon  Mmperatura;  and  tha  palarlmeuic  measure  of  the 
amount  of  inwKtad  augar,  adjMtlad  by  the  constant  o<  invanian 
dtMminad  fat  iho  •olutlen,  panalta  calculation  ol  the  tanpar- 
atura  tumiMtiOfi  Cfar  tempaintma  abova  (fc)  for  tha  aKpoaura 
paned.  raral««rliwortl«aMl2.9>lai«oaaunaadad.  andfor 
lapU  Uwaralon.  pH  1 . 21.  For  InhllMttng  Uologleal  activity  in 
tha  aolutlon  Barthat  raconnanda  sddiUon  of  3S«  fannaUn  solu- 
tion rathar  than  aaaUna  tho  glaaa  aapoutoa     raUaam  did. 

Ona  ot  ny  atudama.  A.  W.  H.  Daauaaa,  uaad  won  than  10l> 
sucrose  ampoulaa  wltfi  aueeaaa  in  eompartnv  tnmtag  aaaaon 
temperature  sumnatlana  In  llttar  mdar  varlottc  foraat  atanda  in 
Namrfoundiaad.  Thla  malhad  %fouId  ba  uaafiil  for  thaw  partoda. 
•Mhar  a  liiU  Hum  aaaaon  or  aa  a  nonltor  for  tiiaw  taowarntiina 
M  othar  aaaaooa.  Tha  advantage  of  Hilt  naihiod  la  lha  Mia 
and  aeoMrny  with  which  above- freaslng  tanparatun  auaunattena 
can  be  secured  for  a  large  number  of  aitaa. 

Perhaps  wa  have  continued  to  raly  ae  nudi  on  yolM  taai> 
perature  measurements  alone  because  that  approach  In  tha 
mosphere.  If  the  water  content  is  known,  la  adaquata farlbai^ 
mal  budget  studies  in  that  relatively  unlfoin  medium.  Tha  anil 
flf.J  associated  vegetation  mantle  are  anything  tnit  uMfenB,  and 
their  component  matenaU  arc  almost  constantly  changing  In 
characteii.tt:c5  that  have  thermal  significance  and  at  rates  and 
through  time  pet;nds  that  are  affected  by  an  uncounted  number 
of  vaiiohles.    Instrurai-nt s  are  -ow  available  for  measurement 
by  remote  si-ns;n.;  of  reMi!r:tcd  and  emitted  infr.atBd  radiation 
from  surfaces,  at  scales  appropriate  for  areas  rnmjlng  from  a 
square  centirneler  to  o  na.or  portlor.  of  a  comment.    The  varie- 
ties ar.d  .joneral  methods  o(  this  approach  h.5VB  been  described 
by  Colwell  ^I'i.  23]  and  in  various  articJei  jr.  the  Proceedings 
of  the  First  arid  Second  Symposirt  on  Renote  Sensu-.g  ot  Environ- 
ment [2A.  25].    Prtnripies  and  pn-sprt  potentialities  Of  remote 
sensing  in  gereral  ah:  c-.riscrlbed  by  Dan.i  Parker  126},  and  tha 
current  state  o!  Infrared  tech.-.ology  by  Joseph  Morgan  [  272. 

Infrared  inagcry  obtained  by  airborne  sensors  la  plnnncd  for 
Investigating  Lhermal  regimes  of  different  plant  cominunnies  In 
tha  University  of  Michigan  Botanical  Gardons.    This  -a.'ea  of 
about  20Q  acjos  has  been  mapped  with  respect  to  »utflcial  ma- 
tanals.  geomorphlc  units,  agricultural  soils,  and  plant  com- 
IBunlUes;  and  we  aje  establishing  a  program  of  observations 
thafO  tor  a  long-range  study  of  the  Fleming  Creek  watershed  m 
eOMiaetlon  with  the  Vigil  network  of  hydrologic  studios  on 
aoiall  WataMiadS  throughout  the  world,    photography  with  Infra- 
lad  film  will  faa  uaad.  and  it  is  hoped  that  imageiy  from  longer 
wava  langth  iDflwnd  can  ba  obtained  through  othar  inatrunan- 
tatloii« 

A  davlea  that  fOMi  moat  pramlalng  Is  die  alrboma  infrared 
dolaeter  eoupiadwuih  a  teaanar,  aa  daaonbad  by  Morgan  [27]. 
Tha  prtni-OMt  ean  ba  in  tb«  fm  o(  inflrarad  aMp  aiap.  which 
■eeoidliip  to  M«rgan,  oan  raeoid  OMtgy  variatiana  oonaapond- 
IngtetMapantunaofafraetlaaofttdaaxaa.  Ha  atataa  fuithar 
that! 

...  a  typic.'sl  radiometer  with  an  angular  field  ol  view  of  5 
niUiradians  ana  a  detector  time  cor.stant  of  1  microsecond, 
cperatod  In  an  aircraft  at  on  altitude  ot  ;  uuO  feet  would 
have  a  ground  resolution  of  5  feet  and  would  noasure  the 
radiation  from  a  patch  of  terr.-iln  S  foet  square.  .  .  .  7ho  rate 
of  coverage  Is  approximately  1 , 000  square  miles  per  hour 
whioh  la  a  typical  valua  for  a  imdam  Infirnrad  acannar. . . . 
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[And]  by  modulating  the  scanner  aigiial  to oparala  a  eothoda 

ray  tube ,  we  can  generate  a  pict«»a  using  circuitry  vary 
much  like  that  ol  standard  television  practice. 

Tha  information  from  the  scan.nor  can  be  placed  line  oy  line 
on  photographic  lllm  in  approximately  the  same  way  it  was 
icaimad.  Tha  scanning  and  recording  process  yields  a  picture 
indicating  the  distribution  of  radiation  only  in  a  qualitative 
way,  as  tha  quantitative  aspects  of  scanning  are  ,ost  in  tha 
•tapa  Of  laoordlng,  photographing,  and  printing.  However, 
than  nmalna  the  opportunity  for  comparing  intensiuss  oi 
Imagoi  wlflila  tb*  sama  ptetun  and  d  ralatlng  inaga  intan- 
altlaa  to  Unprnntmn  that  tMM  takan  aiatiltanaoualy  on  tha 
giDudd.  A  atngla  pistura  with  Intmatkm  tnm  ena  spoctral- 
band  width  may  not  panalt  dlffaranttatlm  of  nOaetad  and  amlt- 
tad  radi  ati  on  but  diffaraittlatton  may  ba  aeoMpUafaad  in  oMny 
Inatancos  by  eithar  Bwltlbaad  aanalng,  aa  raeomMndad  by 
(3alwaU£22J.  or  by  aaeuMng  laagoty  for  the  aaaw  alta  undar 
both  day  and  night  condltlona  <wMb  and  wlihOHt  lolar  tUuadna' 
Uon). 

By  uuiising  simultanaaiM  gnomd  taavaratin*  obiafvainiiia 
and  airborne  radiomatar  raeoBda  of  aetoal  tamparatinaa  of  petnti 
Within  the  scope  of  tha  tmagaiy  CSl.  Infrarad  atrip  awpa  oouid 
ba  nada  to  yield  quantitative  surveys  of  landioapa  untta  with 
raspeet  to  tharaial  states.  If  such  survey  a  am  oondHclad  at 
close  intervals  around  tha  clock,  diurnal  changes  can  ba  da* 
termined;  if  oiada  at  intatvals  around  the  year,  seasonal 
changes  could  be  approximalad.   Survey  by  airborne  devloaa 
will  provide  generalized  information  that  readily  permits  eom- 
pansan  of  thermal  charactarlatlca  of  ona  alta  with  anotbor.  an 
Imponant  aapact  of  niaaaKh  on  gniuad  froM  phanoMaa. 


CONCLU.SIONS 

Wi-  can  validly  mske  two  assumptions.    Where  vegetation 
covers  the  ground    the  energy- flux  boundary  hotween  atmos- 
phere ana  nan*-,  surface  is  a  layer  as  thick  as  tho  height  of  tha 
vegetation  plus  the  layer  of  humus  and  root  ay:st<>ra-s  beneath  it. 
Ona  surface  that      uniform  with  respoct  to  topography  and 
materials,  anomaly  patttrmr;  of  radiant  energy  fl..x  (the  amount 
of  radiant  energy  ol  all  wave  lengths  crossing  .i  unit  area  of 
surface)  between  the  atmosphere  and  solid  earth  are  due  to 
variations  in  vegetation  composition  or  state.   From  these 
assumptions  It  foi.ows  that  vagataMon  haa  a  tola  In  tha  oeenr> 
rence  of  frost  in  soils. 

The  significance  of  vegetation  In  governing  the  occurrence 
of  permafrost  In  soils  decreases,  however,  the  more  the  earth 
surfaoa  aaan  annual  temperature  Is  depressed  below  the  frees- 
lug  point.  Whara  the  surface  mean  annual  temperature  Is  not 
more  dian  r  or  3»C  boiow  (f  C,  the  kind  and  condition  ol  the 
vegetation  eevar  will  ba  eriucal  to  the  development  and  dura- 
tion of  panuftoat,  hot  whara  the  surface  mean  annual  tem- 
potatun  la  nova  than  aanranl  degrees  below  o°c .  the  vegeta- 
tion eevar  axacelaaa  llttto  comioi.  Vagatatlon  does  exert  an 
inauanea.  howavar,  on  tha  eeeuirane*,  aanmt,  and  effects  of 
aaaaonal  fmt  M  «n  npyar  layatg  oi  aeu,  «rhewvar  lha  eU- 
mata  will  p«a««e»  nOx  fnaaing. 

Tha  total  af«Mt  ef  vagatatlen  la  tee  {a)  laduea  tha  guutlty 
of  radiant  anaigy  that  aaeipaa  nltfaar  dtoaetty  (by  raflaetleh)  er 
indlraetty  to  Iba  atatoa^haiel  (b)  inenaaa  Oe  long  wwa  JangHi 
infraiad  eoovanant  In  tha  aaargy  that  doaa  aacapa  to  tha 
mosphara:  (e)  ineimM  flia  anaigy  dlvwtad  to  wotk  aa  in  ma- 
tabollsn  of  organlana.  phyoleal  and  chanleal  WMthaUng  of 
rock  materials ,  ate. :  and  (d)  Ineraaaa  tiia  atera  of  anangy  en 
the  earth  in  shon-tarm  forms  as  In  vapeilaad  watar  and  In  long^ 
term  forms  as  In  humus  and  coal. 

We  now  have  the  capabiutiaa  for  Inraatlgatlng  thermal  ax- 
change  within  a  given  unit  of  vagatatlon  and  to  soma  emant. 
quantitatively .  MicrooUawteloeical  studiaa  of  taoant  yaara 
where  radiation  balance  was  recorded  ptovlda  many  Of  the  ob- 
servations needed  for  evaluating  the  thermal  budget  Oi  a  small 
unit  of  landscape.   To  that  kind  of  suivey  we  can  now  add 
radiometric  surveys  to  measure  temperatures  of  given  surfacwt 
and,  by  use  of  savatal  band  widths,  at  laaat  die  ralatlve  pia- 
peitlena  of  reOeeted  and  amltted  radlatlea. 
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W«  ilMd  nuiy  measurements  of  specific  hMt,  r«fl«etailOt. 
and  tranMalttmcc  o(  plant  ports,  humua  and  soIIb  of  dlflarant 

composition,  snow  in  different  states,  and  other  natural  ma- 
terlals  In  order  to  demonstrate  details  of  the  thennal  economy. 
Experiments  with  .nrtidcially  introduce!!  heat  loads  could  be 
performed  to  del<^rmin<>  pathway.*;  atid  r^tcs  t:^  hc.^t  cxchancje. 
Temperature  integration  methods  could  tv  \.::i:d  id  ov.nluatc  ti>t«l 
heat  budgets  at  specific  '.t>ci  in  natural  iystema.    It  wouli.;  be 
pracDca!  to  undertake  such  surveys  on  landscape  units  o(  the 
order  o;  500  iiq  t.  .  whrrn  soil  and  vegetation  are  as  .-leaily 
homogeneous  as  possible  throughout,  and  ![)r  dir;tonrcs  of  iUO 
to  1  OOO  m  orj  all  sides.    Marshes  or  sedge  tuudrd  would  C>e  well 
suited.    Forest  stands,  especially  those  lacking  uniformly 
closed  canoptos  as  the  spniM  or  •prucv-fatrch  fttTHU.  would 
be  much  more  complex. 

We  also  have  capaiiiUties  now  for  radlometry  from  airborne 
platforms  that  wil]  permit  :apid  surveys  of  extensive  areas  of 
landscape*    If  :iuc:.*i  survey?  wno  rnt:<iated  several  times  each 
season  and  accompanied  by  ground  obs<:r.'fltior,.t  ol  thermal 
conditions  at  appropriate  reference  stations,  variations  In 
thermal  budgets  over  considerable  areas  could  probably  be 
ritaMd  to  pennatrost  ond  Monnal  tout  oandlUona  in  tho  ooUa. 
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HUAAMOCKS  AND  THEIR  VEGETATION  IN  THE  HIGH  ARCTIC 


MLKXD  B.  BEBOKBL,  OvaoB'a  UMwaralty,  Btngaton,  OntaAo 


Duiliig  the  sianman  of  1960  and  1969  tlw  OutlMr  wokad  on  tha 
geobotany  of  central  and  western  Anal  Kailiaig  laland  (79*30*N 
90°  to  95°  W)  and  of  tha  Foahaln  Paoinaida  of  BUaaaMiB  laland 
(SO*  N.  65*  W)  [I.  3].  A«fMtpwtof  tliafea>li«alandln«w 
ragtona  studied  Is  eowacad  with  fin*  gralnod  colls  dartvad  tan 
aoft  Maaotoic  shales  and  alltatonas.  fkvgMnta  of  baaalt  and 
quvtiltle  sandstone  are  frequently  mlMad  wlfb  tha  Onaa.  The 
lalxtura  was  formed  by  amorphous  sollflucuon  or  was  deposited 
aa  till.   Sorting  by  water  aivd  wind  produced  silt  beds  In  flood 
plains,  occasionally  small  dunes,  and  thin,  loess- like  deposits 
on  lee  slopes.   Coarse  sedfananta  of  bouldart  and  gravel  form 
the  basalt  and  sandstone  layers  as  mountain-top  detritus  and 
talus  slopes,  or  as  outwash  fans  in  front  of  glaciers.  Organic 
deposits  are  vary  rare.  Th«y  are  lastrtctad  to  snail  acouaiuta- 
tlona  a<  raw  huawa  atound  bird  parehaa  and  to  thin  paat  Isyara 


la  ataallew  ponds.  Tha  mineral  firaetlon  constitutaa  tho  bulk  of 
these  soils  even  m  the  pure.it  orgflnli-  sediments. 

The  soils  show  a  gre.>.t  vnri<-!y  ot  -airface  forms.  Antnphous 
soliflucticn  seens  to       o'.  Utile  i.T.portance  at  prest^r,;  nnd  r.o 
sohfluction  lotK>5  v/ere  ob5er>'e.d.    Slopes  with  a  greater  arnount 
ol  Micjtr  f r figninnt r;  o!t<!ri  hrtvc  Ihn  x.^ton.sl  srMtcd  ;n  ytr;pes  or 
stone  garlands.    Parts  of  massive  talus  slopes  started  to  move 
as  boulder  streams.   Sorted  structures  on  level  grourtd  are  rata. 

A  large  part  of  the  lar>d  is  covered  with  unsorted  polygona 
and  hummocKs.    Unsorted  polygons  range  from  cell  alaaa  of 
10  ID  to  10  cm.   The  largest  uiuts  often  contain  a  network  of 
polygons  with  a  diameter  of  a  lew  meters,  which  in  turn  may 
ba  compotad  of  cells  or  hummocks  with  a  diameier  of  a  tew 
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Hunaoeks  rang*  bom  a  taw  Mtan  to  •  taw  omUnetM*  in 
dianatar.  Only  an  arMtraiy  dtvltlon  of  fhla  vfaat  vartaty  of 
ferat  into  typaa  aaaas  poaalUa.  Ml  atsaa  a(  hunmmeka  and 
polygoiM  can  ba  obaaivad,  and  aoaia  of  Oim  anaUar  polyoona 
■lay  develop  into  huiemock*.  A  complax  of  anvtawiemal  tac 
tors  produces  these  (orms:  dilfarant  procaaaaa  nay  be  raspon- 
aiUa  10  vaiying  dagraas  tor  iba  daaalopmaat  of  paiMma  of  a 
fllvan  aiaa> 

simicTURE  or  the  WGBTWION 

PUnt  cover  varies  greatly.   The  flora  of  Axel  Helberq  laland 

consists  o(  only  137  spoeies  of  vnsculsr  plants,  about  250 
lic  hnn  species,  and  r^irly  200  species  ol  Iwyophytos.  Many 
fipt!;:ies  show  wiiJc  nrolrxT/    and  plant  lists  of  different  com- 
-x..r.itles  show  a  (;ci:-:u:-.i:.j  ..i.-r.jy  r.l  combinations  of  the  same 
plants-    Grlqqs         co.Ti.i.ir<-i-:  ;hi';  grciit  v.irtoty  of  Trouplnqs 
in  rtrt'tu;  voijoti^tion  -.vjth  the  large  r-ui-ib^T  iy'.  '.ij !  tijicnt  .spcfjos 
conbi nal iC'ii s  in  wcod  patches  o:  tonporato  iatitudes.  Irn- 
nutdrlty  of  the  vegetation  shou;:i  ir  bnth  c.3ses  fc-e  responsible 
for  a  r.n,irly  free  combination  ot  a  qn-iit  r  unbrr  r,i  -.pmes  on 
a  glvet-.  pl.un.    Tho  youth  of  the  soi.  invadea  by  weeJt.  is  com- 
pared with  the  perp«tu«I  instability  of  the  soi]  due  to  frost 
action.    Raup  Hopkins  and  Sigafoos  1  B      and  5i'73foos 

L6)  stress  cryoplanation  and  frost  churr.iny       imjjottant  fac- 
toid thni  p.rrvont  licvnlopxent  of     rllniEi:-:  i.',  arctic  vegetation. 
However,  comjjaiisun  of  bJ-yc.5r-ald  phct'Di:;raphg  with  the 
present  condition  [7.  shows  l.'.a".  -iurpr. .amjly  f.?w  rr.jr.iges 
occurred  in  the  pattern  of  stones  as  well  aa  m  tho  ope:s  plant 
cover  ol  ground  moraine  on  slopes  up  to  10  '  on  Disko  Island. 
Further  evidence  for  a  greater  «tabliliy  of  fine  grained  sub- 
atraiaa  In  tiw  ftcUe  than  pravtoaaly  aaauatad  will  bo  pnaamad 
baiow. 

Whatever  the  reasons,  arctic  vegetation  showa  nwaaiotta 
plant  groupings  stably  exisung  side  by  side.  In  a  glvan  area 
Dta  tranaitlona  of  ana  plant  ooani unity  to  anothar  nay  ba  linlt- 
od,  but  in  aMthar  ragim  tha  tana  ihaiv  tmialtleii  wilt  ooeur 
batwaan  plant  eowaunlttaa  of  a  allgiitly  dlftarant  eonpealtlen. 
mihin  Iha  sUiaata  dlftafonoa  in  a  1000-m  altltiida  or  o*«r 
aavaral  dogtoaa  In  latttuda.  tha  eoapoaitlon  of  eoauaunittaa 
will  otaaiiQa  oiaaily,  but  all  iwtanaadlata  coaiblnatMaa  of 
apaeloa  may  bo  mat-  Caeh  stand  is  a  untqna  eemblnatlon  of 
apadoa  arttbln  a  eontlnuous  sailas.  TUa  Indlvldualtatle  con- 
eapt  of  tta  plant  ooaMmmlty  [B]  halpa  to  clarify  tha  atruetafo 
of  aictie  vagatatlon.  MoataUan  typaa  an  mora  er  toaa  aiM- 
tratUy  aalaeMd  aagmanta  of  a  conttnuuai.  Sana  gronplnga  nay 
ba  nan  conmia  Oian  odian.  but  thla  any  wall  ba  a  daealop- 
aiant  parallal  to  tha  patoantaga  dlstribuHoo  of  tha  various 
habitats. 

High  arctic  regions  show  not  only  a  strong  correlation  of 
topographic  slta  and  plant  cover,  but  also  a  good  .j.^rccmaflt 
Of  surtaca  patterns  with  plant  cover  and  site.  Some  of  these 
typoa  will  ba  described  as  far  as  they  relate  to  huEnmocky 
graond.  Hnanaccks  davalcpad  by  giamrtti  and  Ihosa  davalopad 
by  oiealon  taaio  obaanrad. 

HOM  MOCKS  MviusKD  nr  Qiowm 

C.3Trx  ursir.a  cjrows  cji-.  ;a!t  ir;  the  upprrniL::.!  ir-t<':tiLlrtI  .it  the 
fi"oad'ortT[e~Exped;Ilor,  F)crd  (79"  23'  N.  9r'C'.=  '  \\0  •    Lower  or. 
the  shore  it  Is  replaced  '^raduaiiy  by  .2  homCK^eneous  r.-iX  of 
Piicrinel  h.i  p^iryijanoiior. .    Tho  C--tr"X  .^r  'ana  bcU  gr.idos  upw.jrd 
inlo  ,1  -iw.ird  ol  Dupo:.lia  lit;hi;fi  ,ind  oihin  t,-lyi:c)phy t!?s  .  Tfw 
other  plants  grow  in  the  t>elt  of  optimjm  developrr.ent  of  L'arex 
urslr.a .    Tho  sedge  forms  individual  cushions  of  2  tn  5  cm  In 
height  and  V  to  '.  S  cm  in  dla.  ,  which  .are  scp.ir.itecJ  by  bore  »iil 
spaces  ol  iU  to  30  cm  m  width.    Thii  t:u%hitjr..s  are  small  hum- 
mocks of  Sill  which  appear  randoxly  spaced  within  the  indica- 
ted diT.er.sinn?  .   The  numnocks  very  Incly  grrr.v  by  tr.ippLnc;  5ilt 
durif.q  thf?  hKjhij-'it  tidr's.  h.jt  t.-.i:.  docs  not  expl.iir.  thcdr  spac- 
ing,   ChtL'X  urf.airt  lornis  continuous  plane  swarc?  on  shores  of 
Melville  Perunsuia,  eastern  Baffin  Islarvd,  Dlsko  Isiand.  and 
Nugssuaq  Peninsula. 

Deschempsin  breviloiia  and  Poa  arctica  cecspitans  cover 
acattatad  huauaoofca  of  IS  to  S$  cm  in  dla<  and  S  to  IS  em  In 
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height  00  plains  close  to  tha  shore  north  ot  Middle  Fjord  (78" 
4S'  H,  SS*  W).  Many  of  tbaaa  hHauaoeka  haw  a  laU  o(  aaad 
on  thoir  aoiNliaaat  alda.  Hia  aand,  blown  by  pnvaUlBg  north- 
w«at  wloda  Inom  tha  bman  baaoh,  la  tranpad  aflielantly  by  tha 
tultad  graaaoa.  Tho  Kuouaaeka  ava  liragularly  apaood,  but 
uaually  thay  am  aoraral  natara  apart. 

Poa  alalauan  eolnodaa.  Poa  hartttl  vivlpara.  JUopacurus 
alplnua.  Saint  arcttca.  yolygonum  vivipanm.  and  Stallaria 
Clliatosepela  grow  on  rather  regularly  cone- shaped  saiNlhaapa. 
1  to  4  m  In  dia.  and  :iO  to  1 20  cm  in  height .  in  tha  lower  Ex- 
pedition Valley  (79'  23'  N,  go'SS'  W).  This  dune  area  cevora 
about  a  hectare.  The  individual  hummocks  are  commonly 
covered  only  with  one  of  the  listed  species.    Sand  heaps  seem 
to  develop  on  clones  ot  on  individuals  of  those  plants  that 
could  keep  their  growth  m  step  with  the  amount  of  deposition. 
Eroded  hummocks  shew  typ.cal  cress- bedding  of  the  sand  with- 
nut  any  foidinq  or  oistortion  01  '.he  layers     Humra."-ct:£  pf  simi- 
.'IT  struct'jre  b..-t  -rovprc^  w.th  3a_.^<  jlauc^  we:c  obsep.'cd  near 
the  narcjln  cf  thn  inl.nnd  jcn  north  :if  I.ikribrh.Tvn ,  '.V<'st  Green- 
land.   Biche.'  .9]  descrlDes  them  .'rom  Scindre  Slr6!ri!|urd .  West 
Greenland.    Carex  Bigel w.i  and  Polygonum  viviparufr.  forT. 
such  hummocks  nc.ir  the  B.irnes  Icecap  on  Baffin  Island.  These 
sand  heaps  may  be  neparolod  by  f!«t  •spaces  sevprol  timi-r.  their 
width  or  they  may  abut  directly  upon  cnt?  ai.cthei  and  appear  In 
the  latter  case  very  regularly  rip.iced.    The  pattern  may  be  in- 
fluenced by  the  turbuler;L-<-  o!  thr  wind. 

The  slightly  raised  edges  of  ti^rrcws  separating  large  lee- 
wedga  polygons  in  the  Expedition  Valley  have  become  bird 
perches  In  their  highest  parts  17].    Excess  (ertUization  per- 
mitted the  devalopnant  of  hummocks  of  raw  humus  to  60  cm  in 
height  and  2  m  in  dla.  on  these  spots.  Tha  hummocks  are 
■poea4  100  to  200  m  apart  in  ralation  to  tha  size  of  the  tem- 
torlna  of  long-tailad  Jaagars.  Thasa  hummocks  grew  by  the 
ragurpltatad  pollata  and  dropplnga  ol  tba  blxda,  by  a  faatar 
pcoduetlen  9t  plant  matter  Aan  Ita  daeay ,  by  tha  trapping  of 
duat  batwaan  tha  planta.  and  by  tha  tlao  of  tha  paniiiAMt 
taMo  In  tho  huauaock  undar  tha  inaulattng  blanfcot  of  tta  humaa. 
Although  oj^analon  of  tha  lea-wadgaa  ralaad  flia  adgaa  of  tha 
funowa.  tha  hummeeka  do  not  ioam  10  grew  by  apodal  fitoat 
haam  undar  tha  mounda  of  raw  bumuc- 

Poat  bummocfca  aio  comanm  aurfaea  taaturaa  of  aicde<  an^ 
aietle,  and  alplna  foglena.  Undar  thla  tatm,  I  oemblfla  a  iMua- 
bar  of  rotated  typaa  which  an  deaertbad  aa  tuaseeka  and  peat 
rings  [Si:  hunmocky  heath- aadga  vegetation  C 10]:  peal  hum- 
modes  [9]:  TorOiiigel  Cll]:  Klelnhiigalfalldungen  [  12]:  frost 
hummocks  C 13.  14]:  turf  hummoefca  [ISJi  and  Bultanbfidon, 
Rasenhiigel.  thuiur.  and  paisat  (l6l.  Ihoia  aurlM  faatwaa 
have  In  common  a  layer  of  fibrous  organic  matter,  either  of 
peat  or  of  a  dansa  sod  of  iivmg  plants .  and  thay  contain  a 
core  of  fine  grained  mineral  soil  or  ice.  These  structuioa  have 
been  pushed  up  by  frost  heave  in  interaction  with  the  uegetattOB. 
Thoy  are  commonly  developed  in  wetlands. 

Nothing  comparable  has  been  seen  on  Axel  Helberg  Island 
and  FosheiTi  Peninsula.    This  may  be  due  to  the  absence  of 
tussock-  and  cushion  -  lormjrg  wetland  species.    The  dominat- 
irtg  wetland  pjnnl';  in  Ihr  rrg.i:.ri  r.tudlcd,   Erjo£hnruri  trl_Jte ,  E. 
BCheuchzeri  .  Care.x  stars  ,  Pleuropcvjon    a bi nr ■  1 ,  Dupont.a 
fl  sheri ,  Alopec ur s  alp'inuE .  Equisetum  arvense  .  JE.  variegatum . 
,iri!  .-.U  :dcicjni Icro us  gruiphytns  which  form  loose  mats  Instead 
01  tutts.    The  ::oni;ru^nt  t^yr.phytes  cf  wetlands,  Drepanocladus . 
C.3lliergon  .  Holytr;ch..m  are  a. 510  niatlorniinq .    Peat  hummocks 
h.ivc  t>r<'n  ubsorvsd  in  central  Baffin  Island  or  in  Alaska,  where 
tussocks  of  ErioDhomm  uaaiaay-  frlTlllin  aM  uaually  ralaad 

on  Tounds  [  5]  . 

HUMMOCKS  DEVELOPED  BY  EROSION 

Clay  hummociki  ate  a  ccnunon  teatuie  ir.  t;ie  most  continental 
parts  of  the  High  Arctic.  Their  development  could  be  inferred  in 
the  vicinity  of  the  airstrip  of  Eureka,  Elletcmete  Island  (Tigs. 
1,  2,  3).  The  airstrip  is  maintained  by  addin<g  soil  onto  its 
surface.  This  soil  Is  scraped  with  bulldozers  from  the  sur- 
rounding slopes  which  are  composed  of  the  weathered  shales 
of  tha  Jurassic  or  Cretaceous  Deer  Bey  formation.  The  rapid 
melting  of  ice-wedges  and  other  bodies  of  ground  ice  that  bo- 
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come  uncovered  during  these  operations  leads  to  mudflows 

which  expand  upward.   The  undisturbed  surfaces  on  level 
ground  show  only  shallow  trenches  over  the  ice-wedges  of 
giant  polygons  and  sometlnes  traces  oi  smaller  polygon* 
separated  by  very  narrow  cracks.   The  vegetation  consists 
nearly  exclusively  of  vascular  plants.  Alopecurus  alplnus. 
Pucclnellia  angustata .  Agropyron  borcale.  and  Sollx  artica 
dominate,  but  the  total  plant  cover  rarely  exceeds  10%. 

The  upper  end  of  an  expanding  mudflow  Is  Indicated  by 
widened  cracks  between  polygons  20  to  SO  cm  in  dla.  (Fig.  1). 
The  cracks  of  3  to  10  cm  in  width  are  bridged  occasionally  by 
roots  of  Sallx  arctica  up  to  I  cm  in  dia.  ,  which  suggests  that 
the  cracks  formed  after  the  growth  of  the  willows.    The  largest 
willows  form  patches  2.  S  m  tn  dla-  and  possess  close  to  100 
growth  rings  In  their  central  burls  [  17].   The  soil  must  have 
been  sufficiently  stable  at  one  time.   There  are  no  rocks  pres- 
ent on  which  large  crustose  lichens  indicate  a  greater  age. 

The  cracks  become  progressively  wider  down  the  slope,  and 
only  10  m  away  (Tig.  2)  the  polygons  are  changed  lo  hummocks 
that  are  separated  by  furrows  of  at  least  30  cm  In  depth  and  up 
to  30  cm  in  width.    Plants  grow  only  on  the  flat  surfaces  of  the 
hummocks.   Some  meters  farther  down  the  hummocks  do  not  ap- 
pear prismatic  but  rounded.   On  the  edge  of  the  smooth  and  soft 
part  of  the  mudOow  many  of  the  hummocks  have  been  tilted  as 
shown  by  the  disoriented  plant  remains  (Fig.  3)  found  10  m 
downhill. 

Many  slopes  on  Foshelm  Peninsula  are  covered  with  sparsely 
vegetated  clay  hummocks  Intermediate  between  the  types  shown 
in  Figs.  2  and  3.  Walking  over  these  hard  hummocks  is  Just  as 
cumb«r«om«  as  crosslrkg  boulder  Uelds.   The  hummocks  ara 


Fig.  I .    Contraction  cracks  on  a  mudllow 


Fig.  2.  Widened  cracks  and  fully  developed  clay  hummocks 


Fig.  3.  Toppling  clay  hummocks  with  very  disturbed  plant 
cover 


Identical  with  the  Zellenboden  as  described  by  S<$rensen  [18]. 
The  hemispherical  or  cylindrical  clay  hummocks  are  covered 
by  plants  on  their  tops  as  well  as  on  their  flanks  to  an  equally 
low  amount  without  Indications  of  distinct  zones.    Their  sur- 
faces appear  stable.  Occasionally  the  soils  contain  a  few 
small  stones.   If  clay  hummocks  occur  there,  the  stones  do 
not  show  any  recognizable  pattern  or  sorting  wiThln  the 
hummocks  and  on  tholr  surfaces. 

Smith  [  19]  clearly  demonstrates  this  random  distribution  of 
stones  in  clay  hummocks  near  Lake  Hazen.  EUesmere  Island. 
Clay  hummocks  are  nonsorted  structures  as  defined  by  Wash- 
bum  [201,  and  their  origin  from  convection  cells,  as  SUirensen 
[18]  assumed,  appears  unlikely.   Thermal  contraction  rather 
than  desiccation  may  form  the  cracks  Initially.   In  the  hum- 
mock sequence  of  Figs.  1,2.3,  the  cracks  very  likely  wlder^ed 
due  to  desiccation  and  sollfluction,  but  the  clay  hummocks  of 
Forshelm  Peninsula  have  been  formed  more  gradually  by  erosion. 
They  do  not  seem  to  move  downhill  as  there  Is  no  sign  of  ac- 
cumulation or  toppling  of  hujnmocks  toward  the  lower  parts  of 
slopes.    Their  sparse  plant  cover  has  reached  maturity  in 
equilibrium  with  the  desert  climate  of  Eureka. 

In  slightly  less  continental  areas,  as  on  south- facing  and 
moderately  wind- exposed  slopes  of  the  Expedition  Valley,  hum- 
mocks of  smaller  size,  10  to  30  cm  wide  and  6  to  2S  cm  high, 
are  covered  from  30  to  85*  by  plants.    Dryas  integrlfolia. 
Kobresia  myosuroides,  and  Carex  nardina  dominate  beside 
some  earth  lichens,  e.g.  ,  Alectorla  nigricans.   Porsild  [21] 
mentions  the  Dryas- Kobresia  hummock  tundra  of  the  clay  plaint 
of  the  western  Arctic  Islands  as  an  indicator  of  formerly  more 
active  congeliturbation  and  relates  it  to  peal  hummocks. 


Fig.  4.   Head- size  hummocks  of  unsorted  boulder  clay 


ts 


The  Dryn3-Kobre3ia  hummocks  of  Axel  Helberg  Island  differ 
only  slightly  from  clay  hummocks-   Their  plant  cover  is  much 
too  open  to  induce  an  uplift  as  In  peat  hummocks-   The  greater 
part  of  the  Dryas  clay  hummocks  and  Dry  as  hummocks  of 
Powell  [  22]  and  the  "second  stage  of  earth  hummocks"  of 
Smith  [19]  belongs  to  the  same  type.   Many  localities  on  Axel 
Helberg  Island  with  vegetation  dominated  by  Kobresia  myosuro- 
Ides  and  Carex  nardlna  do  not  show  hummocks  or  polygons- 
These  places  are  usually  wind-exposed  ndges  of  bedrock  or 
edges  of  terraces.   Their  soils  are  covered  with  stones  and  the 
fine  grains  have  been  blown  away  from  the  surface. 

In  slight  depressions  on  open  slop>es  o!  central  Axel  Helberg 
Island  abound  well-vegetated  hummocks  20  to  60  cm  In  width 
and  10  to  30  cm  In  height  (Fig.  <).    I^ryas  IntegritoUa  and  vari- 
ous soil  lichens,  especially.  Thamnolia  vermicularls  dominate 
the  vegetation  while  graminoids  are  nearly  absent.   A  cover  of 
80  to  95%  Is  characteristic  for  these  Dryas- Thamnolia 
hummocks.   li  the  hummocks  are  formed  of  till  they  still  show 
occasional  stones  on  the  surface  and  do  not  exhibit  any  sort- 
ing or  arrangement  of  the  stones  within  them.   The  "fully 
developed  earth  hummocks"  of  Smith  [l9]  belong  to  this  type 
or  may  be  transitional  to  the  next. 

HUlvlMOCKS  or  PROBLEMAnC  DEVELOPMENT- EARTH 
HUMMOCKS 

Cas Slope  hummocks  have  been  descnbed  from  several  arctic 
regions  by  Polunin  [23].   Smith  [19]  mentions  Casslope 
tetragona  as  locally  abundant  in  wetter  sites  in  the  channels 
between  the  earth  hummocks  covered  by  Drya  s.    Sharp  [24] 
defines  earth  hummocks  in  a  wider  sense  and  Includes  struc- 
tures here  mentioned  as  peat  hummocks,  but  his  descriptions 
refer  mostly  to  patterns  with  size,  shape,  and  composition 
of  Casslope  hummocks.    His  Tig.  6  shows  a  slope  in  the  Yukon 
Territory  that  may  well  be  covered  with  Casslope. 

In  central  Axel  Helberg  Island.  Casslope  hummocks  are  the 
characteristic  surface  cover  of  sheltered  slopes.   These  slopes 
face  south  or  west  In  the  Expediuon  Valley  but  they  always  face 
away  from  the  mountain  wind.   Cassiope  tetragona  grows  on 
horizontal  surfaces  as  well  but  hummocks  are  absent  there. 
The  hummocks  are  usually  30  to  80  cm  wide  and  IS  to  40  cm 
high.   While  the  previously  mentioned  hummocks  are  always 
circular  In  plan,  the  Casslope  hummocks  and  some  hummocks 
transitional  to  Dryas-ThamnoUa  hummocks  are  elongated  hori- 
zontally on  steeper  slopes,  as  indicated  earlier  by  Sharp  [24]. 
Slopes  with  Casslope  hummocks  have  a  reliable  snow  cover 
and  melt  free  later  than  the  previously  mentioned  hummock 
types.   The  last  remnants  of  the  snow  are  very  dirty.  A  dust 
layer  of  a  few  millimeters'  thickness  may  cover  the  plants  after 
the  snow  has  disappeared.   These  hummocks  are  free  of  stones 
although  they  may  rest  upon  talus  or  till  (Tig.  9).    Plant  cover 
It  complete  and  1  sq  m  may  harbor  over  40  plant  sp«cl«t> 
Liverworts  are  common  in  only  this  hummock  type. 

Sallx  arctlca .  Polygonum  vlvlparum .  and  Oxyria  dlgyna  are 
the  dominating  species  on  wide  and  low  hummocks  In  more 
sheltered  situations  where  the  snow  stays  even  longer  than  In 
the  previous  type.   These  snowpatch  hummocks  have  a  complete 
cover  of  plants  but  the  species  diversity  is  low.   Uchens  are 
nearly  absent,  and  the  cover  of  bryophytes  is  negligible.  The 
variety  of  vascular  plants  may  be  greater  than  on  other  hum- 
mocks, but  in  extreme  snowpatches  only  Sallx  and  Polygonum 
may  be  present.    Snowpatch  hummocks  commonly  occur  lower 
on  slopes  than  Cassiope  hummocks,  but  depressions  on  shel- 
tered slopes  may  be  covered  by  them  as  well  (Fig-  10).  These 
hummocks  are  circular  or  elongated  horizontally.   Their  sur- 
faces are  someumes  flattened  and  parallel  the  slope.  The 
furrows  between  them  are  wider  than  in  the  four  previous  types. 

Hummocks  are  usually  absent  in  central  Axel  Helberg  Island 
toward  the  bottom  of  slopes  or  in  the  centers  of  little  valleys 
on  slopes.   These  habitats  have  water  seeping  over  the  sur- 
faces during  the  melting  of  the  snow.   In  the  second  half  of 
June  the  soil  dries  up  and  hardens.    During  the  end  of  July  and 
August,  however,  many  of  these  Sites  soften  again.   The  pro- 
gressive thaw  of  the  active  layer  frees  more  gravitational 
water.   It  percolates  downhill  on  top  of  the  permafrost  and 


rises  to  the  surface  in  lower  parts-   Active  sollfluctton  seems 
to  be  limited  to  these  sites.   The  soils  are  commonly  arranged 
in  sorted  stripes  on  angles  of  slopes  of  only  a  few  degrees, 
but  the  much  steeper  slopes  bear  hummocks.   The  vegetation 
may  cover  100%  of  the  wet  slopes.   A  great  variety  of  vascular 
plants  occurs  there.   Up  to  27  species  of  vascular  plants  were 
found  growing  in  1  sq  m.    (For  comparison,  an  old  field  con- 
tains about  ten.  arvd  a  rich  deciduous  forest  about  five  species 
of  vascular  plants  in  1  tq  m.)  Grasses  and  sedges  dominate 
on  these  wet  slopes.   Occasionally  the  graminoids  may  extend 
onto  some  low  and  rather  irregular  hummocks  either  in  transition 
to  the  sru>wpatch,  or  to  the  Casslope  hummocks.  A  gramirtold 
hummock  type  may  be  distinguished  accordingly. 

THE  HUMMOCK  CATENA 

Different  surface  patterns  described  above  as  developed  by 
erosion  may  occur  more  or  less  pure  end  alone  on  a  slope,  or 
they  may  grade  Into  another  type.    Sequences  along  a  slope 
correspond  to  those  listed,  but  some  parts  are  commonly  omit- 
ted.   Nearly  all  combinations  have  been  observed  on  Axel 
Helberg  Island. 

Casslope  and  srvowpatch  hummocks  become  rare  toward  more 
continental  regions  (in  the  eastern  pans  of  Axel  Helberg  Island, 
in  the  Vicinity  of  Eureka,  or  at  Lake  Hazen  on  EUesmere  Island). 
Corrversely,  Drvas-Kobresla  and  clay  hummocks  decrease  in 
importance  in  the  more  ocearUc  parts  toward  the  west  of  the 
island.   All  hummock  types  decrease  toward  the  northern  low- 
lands and  toward  greater  altitudes. 

The  absence  of  a  certain  hummock  type  within  a  sequence 
often  depends  on  local  topography-   A  low  basalt  cliff  may  have 
some  Dryas-Kobresla  hummocks  on  top  and  Casslope  hummocks 
at  Its  base  while  a  low  slope  of  moderate  exposure  may  have 
Dryas-ThamnoUa  hummocks  grading  directly  Into  a  wet  slope. 
Analogous  to  the  catena  of  soil  profiles  along  a  moisture  gradi- 
ent in  a  given  area,  the  sequence  of  hummocks  along  a  similar 
gradient  may  be  called  a  hummock  catena.   Hummock  types, 
like  classifications  of  patterned  grour>d  or  of  plant  communitlei, 
could  be  arranged  in  a  logical  system.   The  inherent  artifici- 
ality of  these  thought  systems  has  led  to  many  sterile  debates- 
It  seems  more  rewarding  to  study  the  actual  transitions  along  a 
catena,  aiming  at  a  correlation  with  the  environmental  factors 
that  act  as  causative  agents  for  the  pattern. 

One  hummock  profile  was  studied  in  the  Expedition  Valley 
which  shows  a  sequence  from  Dryas-Kobresia  hummocks  to  a 
wet  slope  within  30  m  (Fig.  S).    South  of  the  Expedition  River 
lies  a  raised  delta  northeast  of  the  Uttle  Matterhorn  at  SO  m  in 
altitude.  The  delta  has  been  cut  by  a  brook.  Radio-carbon 
dates  of  peat  lower  than  the  delta  and  of  shells  above  the 
height  of  the  delta  suggest  between  4,200  and  10,000  years 
Since  Its  emergence.   The  present  slope  of  the  cut  may  be 
several  thousand  years  younger,  but  the  vegetation  on  the  un- 
disturbed rMrthern  edge  of  the  delta  does  not  differ  from  the 


Fig.  S.  Hummock  proUl*  area  with  ice  ax  in  center 


16 


■MT 


•CtT 


NtlWT 


f40aiii 


10 


to 


SO 


eaMM  ilwwii  In  Rg.  S 


vagatatlon  in      cut  whwr*  th*  pnofll*  %*■■  ttkm.  This  ladl- 
MMt  that  th«  pUM  oov*r  of  th*  profll*  Mimet  9M  ONI*  Mtyra 
iindar  prtMnt  •fwlronmanlol  oondittoM. 

TiM  •lop*  9t  M»  iMiawwcfc  piome  vrat  nNtim4  alMio  a 
ata*lt«pa«iaiaaltaayl«mlCng.  6).  WliUn  «ach  Jif 
twval  Aleno  the  b«M  Um,  I  raeocM  Inn  beOi  aidM  of  tto 
tap*  th*  Iwlght  and  wtdOi  of  hunocln  «b  a  total  o<  W  aoaa- 

>  S-m  oMpo  wow  outUaod  fey  hortaontil  atriaoo. 
L  holglis  woo  doioniliioii  as  Ibo  naoii  af  iha  Tortteal 
Mghla  el  tha  top  ai  tha  hiaaawek  Maaiifad  bom  tha  fuiraw 
abova  aaA  tha  Imrow  batow  tha  luaaMBoeic.  Iha  width  woo  Ilka* 
wlio  dataminad  aa  tta  aMan  «f  iha  gcaataat  and  tha  aawUaft 
diaaataref  Owhuanoak.  If  It  dlffaiad  BOtleaaUy  taa  a  draw 
tafoatllno.  Aauaharafluithar  aaaaunaMatatfaatpnolaa 
awaalnglul  laoulta  eeuM  bo  nmSm  on  aueh  bimaiook  populationa. 
means ,  and  standard  deviations  of  the  meaturaownto 
I  In  rig.  6;  the  relationship  of  height  mean*  tawUMi 
■aana  la  abown  for  each  2-m  mtannU  In  Fjg.  7.  Unovannaaa 
at  tha  ffmund  in  the  last  two  intennla  ia  aa  alight  that  no 
BMoauramanta  could  be  made  there. 

A  wooden  frapie  of  1  by  1  m  with  a  wire  stretc'  >'J     :ci.is  10 
cm  from  tha  edge  parallel  to  the  base  line  was  placed  ever  each 
meter  of  the  profile.  The  presence  of  all  macroscopically  visi- 
ble plants  was  noted  for  each  square  meter  but  lichens  growing 
on  stones  were  omitted.   The  cover  o(  each  plant  species,  the 
totfll  cover,  the  bare  grounri,  and  the  amount  of  surface  taken 
up  Dy  iio:.i!3  were  estimated  In  pn:        ji-  loi  ,i  ■:.:r.p  10  cm  in 
wicth  jnd  11 ,  1  Ecj  n  iTi  area.    Such  an  estimate  is  quite  accurate 
as  rja".  cnntiTpter  jlnn;  the  tape  means  1%.    The  cover  of  each 
spec:us  ws^i  totaled  from  tho  areas  estimated  for  each  patch  of 
the  plant.   Estimates  always  added  close  to  100%  and  the 
necessary  corrections  of  a  few  per  cent  were  made  in  the  esU- 
malo  of  tho  dominating  species.    Specinens  of  critical  plants 
were  collected  at  each  meter.   The  total  number  ol  species  in 
the  four  largest  taxonomies  1  groups  Is  plotted  for  each  squre 
meter  in  Fig.  6.  Tha  number  of  liverwort  species  may  be  aona* 
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admixtures  to  cuaMona  of  othor  Itvanraita  and  aiay  hawa  not 

been  recognized. 

Tho  cover  of  some  common  plants  in  enth  Liundrdint  of  1  by 
0.  1  m  is  plottifJ  In  Fig.  8.    Values  of  the  four  most  com.T.on 
plants  are  shown  ir.  a  different  scale  than  the  others.  Presence 
of  a  apecles  outside  the  10- cm  strip  but  within  tho  1-m  strip 
l>  indioatad  by  dota. 
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Pew  references  to  size  and  shape  differences  of  hummocks 
could  be  found.   Polunln  I  23]  reports  that  on  Southampton 
Island  "The  Dryas  forms  tussocks  of  varying  size  up  to  half  a 
metro  in  diameter,  which  lend  to  be  larger  towards  the  bottoms 

of  banks  or  depressions  "  Siftronsen  .16]  writes  about 

ZelJenboden:  "Meine  Beobachtungen  aus  Ostgronland  schelnen 
am  ahesten  in  die  Richtung  zu  welsen,  dass  die  stark  gewolbten 
Felder  sich  am  haufigsten  iiber  austiocknendem  Grunde  finden. 
wahrend  die  flachen  besonders  auf  feuchtem  Boden  vorkommen." 
The  size  of  the  ur\its  of  structured  soil,  which  Siirensen  as- 
sumes to  be  convection  cells  for  polygons  and  hummocks  alike, 
depends  again  on  the  water  content  of  the  soil.    He  mentions 
only  observations  on  polygens,  but  his  statement  refers  by 
Implication  to  hummocks  as  well. 

The  continuous  aPrd  gradual  change  of  hummock  height  and 
width  and  of  the  vegetation  suggests  that  those  patterns  have 
been  formed  by  differences  In  environmental  processes  which 
are  a  matter  of  degree  arvd  not  one  of  kind.    Such  an  environ- 
mental factor  could  be  time,  and  one  might  envisage  some  kind 
of  succession  linking  a  great  part  of  these  hummock  and  vege- 
tation patterns  into  one  sequence  of  development.   The  as- 
sumption, however,  that  a  side- by- side  sequence  corresponds 
to  a  sequence  In  time  may  be  very  misleading.   It  becomes 
even  more  hazardous  to  arrange  in  a  time  sequence  patterns 
that  do  not  even  exist  side-by-side.   I  cannot  agree  with  the 
succession  of  earth  hummocks  as  outlined  by  Smith  although  I 
concur  with  his  statement:    "The  origin  of  those  earth  hum- 
mocks Is  not  clear"  .19]. 

The  Increase  of  hummock  size  downhill  could  be  Interpreted 
as  a  growth  process.   Each  hummock  could  move  downhill  by 
slow  creep  and  increase  in  size  on  the  way.   The  motion  might 
be  accelerated  by  the  pressure  of  the  growing  hummocks  against 
each  other  and  the  greater  water  content  of  the  soils  on  lower 
parts  of  slopes.   Frost  heave  and  growth  of  the  hummocks  by 
sucklrtg  or  pressing  fines  into  the  structure  as  outllrtod  by 
Beskow  '  2S1  might  cause  such  a  development. 

A  notion  of  hummocks  downhill  Is  Indicated  by  steeper 
slopes  of  hummocks  toward  tne  valley,  by  the  occasional  for- 
mation of  crypts  on  the  lower  side  of  Casslope  hummocks,  and 
especially  by  buried  plant  layers  under  the  part  of  the  hummock 
facing  downhill.   This  Is  shown  by  Sharp  [24]  arul  was  fourvd 
on  the  Gate  Ridge  in  Axel  Heiberg  Island  (Fig.  9).    The  remains 
of  Cassiope  stems  extended  recognizably  for  15  cm  under  the 
hummock.   This  proves  that  the  hummock  moved  at  least  IS  cm 
sirtce  Its  formation  and  not  necessarily  more. 


Fig.  9.    Bisect  of  west-facing  earth  hummocks  on  basalt  talus 
with  a  complete  cover  of  vegetation 

The  Situation  south  of  Crusoe  Glacier  (Fig.  10)  makes  the 
hypothesis  of  hummock  succession  and  movement  highly  un- 
likely.   Snowpatch  hummocks  are  surrounded  on  this  slope  on 
all  sides  by  Casslope  hummocks.  Any  hummock  moving  through 


the  central  Polygonum  patch  on  this  slope  would  have  to  de- 
crease again  in  width  ar>d  increase  in  height.   The  development 
might  have  come  out  of  phase  there,  but  this  would  have  led  to 
unequal  distribution  of  sizes:  some  hummocks  ought  to  be  com- 
pressed at  the  limit  of  the  snowpatch  hummocks,  which  is  not 
the  case. 


Fig.  10.   West-facing  flank  of  a  raised  beach 

Further  evidence  against  a  hummock  succession  along  the 
calorui  could  be  found  through  grain- size  analysis.  Soil 
samples  were  collected  especially  along  a  vegetation  profile 
across  the  Gate  Ridge  in  the  Expedition  Valley  including  the 
bisect  shown  in  Fig.  9.    Oven-dried  samples  of  100  to  ISO  g 
were  treated  with  a  rubber  pestle  and  shaken  in  a  standard 
sieve  series.    Breaking  up  of  the  aggregates  seems  more  effi- 
cient in  nonsorted  soils  where  hard  stones  act  as  additional 
abrasives  during  the  shaking.   The  grain  sizes  in  sorted  soils 
should  tend  to  bo  smaller  as  the  analysis  Indicates.  The  cumu- 
lative percentages  In  Table  I  are  besed  on  the  amount  of  the 
soil  passing  through  a  4.7S-inm  sieve  as  100%.   Roots  were 
removed  from  the  soils. 

Table  I.  Grain  size  distribution  In  cumulative  percentages 
of  some  soil  types  in  the  Expedition  Valley.  Axel 
Heiberg  Island 

Particles 


Sieve 

No. 

Size, 
smaller 

than  mm 

Cumulative  Weight  Percentages  in  Sample 

1 

2 

3 

4 

S  6 

4 

4.75 

100 

too 

100 

100 

100  100 

16 

1.19 

76.3 

88. 1 

99.0 

98. S 

100  100 

30 

0.S9 

63.7 

78.9 

92.6 

88.5 

99.6  99.0 

SO 

0.297 

S3. 8 

67.  5 

BO. 2 

72.9 

97.6     95. 8 

BO 

0. 178 

4S.9 

54.  3 

61.5 

55.0 

93.2  88.6 

200 

0.074 

32.7 

31.9 

27.2 

22.0 

60.4      59. 4 

The  six  samples  in  Table  I  are  described  as  follows:    Soil  Is  5 
to  10  cm  in  depth  in  a  wind- deflated  ground  moraine  on  top  of 
the  Gate  Ridge.    (2)  Soil  is  40  to  50  cm  in  depth  below  the  top 
of  the  Casslope  hummock  shown  in  Fig,  9  as  No.  2.    This  hum- 
mock lies  80  m  southwest  and  8  m  lower  than  the  previous 
locality.   (3)  Soil  is  of  the  same  hummock  on  top  of  a  burled 
boulder  and  is  S  to  10  cm  below  the  surface  of  the  hummock  on 
Its  upper  slope  shown  in  Fig.  9  as  No.  3.   (4)  Soil  is  5  to  10 
cm  In  depth  below  the  top  of  the  hummock  shown  In  Fig.  9  as 
No,  4,   (S)  Soil  Is  5  to  10  cm  below  the  highest  point  of  a 
snowpatch  hummock  at  21  m  of  the  hummock  profile  south  of 
the  Expedition  River.   The  locality  I*  Indicated  by  the  Ice  ax 
in  Fig.  S.    (6)  Soil  is  S  to  10  cm  in  depth  below  the  lowest 
part  of  a  furrtTw  beside  the  previous  sample. 

Hummocks  at  the  upper  end  of  the  catena  consist  of  unsorted 
material  and  contain  many  stones  like  the  nonsorted.  deflated 
ground  moraine  (sample  1).   Casslope  hummocks  are  composed 
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of  fino  qralripd,  wfill  ftorlffd  prtrHrIr»<i  ^nr*  l.acV  stone  (sAmpt#l 
3  and  4).    Thr  C.-i  •.-.•■.lopr  hummci-kL  nhuwri  i:;  !"ig-  ^  Tests  on 
talus  thrtt         t.-.e  ipao'?.  between  the  to.lders  ii'.'.fi  with  s 
mixture  of  ^;ra.n  sizes  ij^Uo  comparable  to  the  nijte:ial  in  the 
ur.sorted  giourid  -T:r:.ninr  (rj.iT.plo  ?)     Tho  5n'nw;:iatc'h  hunrn-nck 
oj  the  hummock  prc-iilc  (snmph-s  i  .ir.i  b)  hn/i        fvcr  5:i-,Hf-i 
silt  and  clay  iractjon  thai:  the  C^:.f,ict<^  hui-iinock  a;  '.In-  iinte 
Ridge-    These  sarr.fLes  are  trpm  difterent  localities,  howovei, 
and  further  ptool  is  n«ed«d  b«loia  this  dilierence  in  grain  size 
ber-veer.  cag«ioM  and  anowpstcii  kunuMck  can  ba  coMldwd 

sigriilicijnt- 

Had  the  .tmall  Dryjs  hummoeka  Qfown  by  accrtuon  or  in- 
iusion  into  larger  Cassiopa  hummocks ,  the  tatter  should  sull 
comaln  some  of  the  stones.  The  absence  of  stones,  gravel, 
and  much  of  the  coarse  sand  in  the  earth  hummocks  suggests  a 
diffaiant  davalopaiam  and  rulaa  out  any  aiiibstantial  movaiMnt 
of  tha  huaaiocka  atnea  thalr  fonnauon.  Th»  poaalbla  artoln  ot 
Ilia  Mctli  huauBOQka  can  now  be  nanowad  fuitiwr.  lhaaa  atnic- 
tma  davalepad  in  altai.  A  gradual  growth  In  width  la  not  pea- 
alUa  aa  ttM  stmetima  did  not  nova  away  from  aaeh  othar. 
Man  Ukaly  liiajr  davalopad  ban  th*  beginning  in  Ota  dlaaiatw 
class  dotamlnad  by  tbair  position  on  the  catena.  Tha  Mrth 
humnoefca  may  hava  stwrn  m  halght  vfadually.  Tha  Una  «ntiMd 
nwiafial  eouM  hava  antacad  tor  fmat  haava  front  Mow  if  a  tbiek 
•nough  manda  Of  vagnlatlon  piovldad  tha  Inaidatlon  to  dniay 
baoting  vndor  ttia  huauaeek.  YM.  vavaiatton  on  tha  boat  da- 
valopad  CSawlooo  and  anowpateh  htmawdta  eovara  topa  and 
funowt  with  a  onnllniiDai  Uaikat.  Bafora  lha  hunuaoeka 
BtailBd  to  grow ,  dIffatWKaa  In  tha  vagntatlon  laust  have  baan 
avan  allghter.  Further,  the  vegetation  covers  the  ground  lOOK, 
but  tha  soil  itself  does  not  possess  a  distinct  layer  of  insulat* 
in^paat  or  humus.   Rootlets  In  the  Cassiope  hummocks  petve- 
trate  SO  cm  down  to  the  ucKlerlying  strata  as  shown  In  rig.  9. 
An  mtusion  of  flno  grainrJ  mntfriil  by  (rost  hoavo  should  push 
these  ro'its  a  side. 

T-.f  5iipi3l'/  ol  rnat-Tial  coming  trnm  bflow  ss  ur.liknly:  this 
lodvo-;.  a;;  tho  la-il  pi.' ?  M  hi  1 .  t  >' ,  'lf?p-:iM*,:in  Irivri  .itK>vo-  Tho 
pronounced  soru.i-g  ol  ilie  ijram  sizei.  ir.  the  eart.';  h  jf-iir.ocks 
makes  wind  deposition  quite  imely.    T^ie  dirt  .ayer ,  accumulat" 
mg  on  Ca'iiiopc  and  cspcciai^/  u:<  sriow^ittch  numniocks  after 
the  snow  nieits  .  is  clear  evidence  for  the  hypothesis  of  hum- 
mock growth  by  the  deposition  of  dust  on  veaetation  as  in  the 
formation  of  loess.   A  further  fK^irt  in  favor  of  t.ie  loess  hy- 
pothesis cm  hcf  5e<jn  in  the  listr;butior  ■:if  -he  placts.  Only 
fast-gro'.vi.--;  j  lichf^n^-.  hke  l'e.in,-.T.-<  cm.n..-. .  P.  ■iphio.'-i  .  rtn-d 
Stereocj^lon  paschale  e>;ter«d  from  the  upper  seij.-r.ents  of  tiie 
caterui  with  numerous  lichens  into  the  zone  of  the  Cassiope 
hummocks:  oven  these  lichens  are  absent  from  the  snowpatch 
bummocks. 

Bryophytes  can  wititstaitd  soma  sadiinaniauon.  butovaa 
they  decrease  in  tha  anowpateh  huaatocfca  as  wall  as  In  tha 
duna  ataaa.  fttowpatofaaa  in  ottiar  antic  raglona  oAaa  poaaaai 
danaa  eaipata  of  Uv«iworta>  Stwh  n  anemrpateh  vogatttion 
oceura  In  Ami  Haibaia  latand,  amatly  at  graatar  altttudaa  and 
In  oioni  oooanle  raglona.  fladlaianintlott  en  laa  alopaa  in 
valloya  wlih  atMog  winda  and  tvida  axpanaaa  of  tan  giound  la 
ifaa  oatwaah  Ikna  in  fiem  ot  glaeMra  aaama  to  ha  adagiiata  fo 
ptDvldo  all  .tha  oiatarial  tn  tho  oarth  hmaiaadta.  SadlHamla- 
tlon  In  the  sparsely  vegetated  upper  parts  of  the  catena  da- 
cnaaaa  ffognaalvoly.  and  tha  l?^a-ltebiapia  huounoeka  nwy 
evan  ha  aiodod  by  tha  wind* 

The  width  of  the  hum  mocks  aaama  to  be  governed  by  water 
content  of  the  soils  and  depth  of  thaw  at  the  beginning  Of  tha 
freezoup.  Thermal  contraction  breaks  tha  soil  into  eattt  of 
rather  definite  size.    Such  ceils  may  originate  In  a  carpet  of 
Wiacomltrium  lanuglnosum.    Tho  mat  ol  this  moss  may  be  an 
early  phfl«o  in  the  development  ol  Cassiope  hummocks  over 
talus. 

Thick  mnntles  of  pf.fil  ,ind  hum'js  develop  ovei  rnolst  sur- 
faces only  under  less  extreme  clirnatlc  conditions     There  the 
opportunity  seems  favnrahlc  for  the  formatlor.  ;>(  poat  hummocks. 
Types  Intermedlati^  to  e.irih  huinrr-.cuv.s  ,inJ  to  hummocks  form- 
ing by  erosion  can  be  expected.    Feat  hummocks  may  occur  in 
a  murr  ■50'jthrrn  hiiTTjock  catena,  probably  ir  th<^  iiogmenteot^ 
respoixUng  to  the  position  of  the  gramlnold  hummocks  in  a 
hwanocfc  oatana  of  Axal  Halbaig  laland. 
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INFLUENCE  OF  VEGETATION  ON  PERMAFROST 


K.  J,  B.  BROWN,  Nndonnl  RtaMich  CoiaicU.  Canada 


In  pannofroat  roglons  numaroua  climatic  and  tarraln  feattires  op- 
•rata  atnaly  and  in  oomblnatlon,  dataiminlng  the  axtent,  thlck- 
nata.  and  tharaal  casiiiM  of  tha  parannlally  (rosan  ground.  Ona 
of  dta  tamtn  faanvat  U  vagaiaoon  wUeh  foma  a  oonttnuoua 
or  dliDontlnuouB  BOBtla  on  tha  ground  (•oil)  aurfaca  and  axarta 
dUact  and  indbact  tnfhiancaa  on  tha  undarlylng  panoatoat. 
VOoatttlOA  haa  a  dltaat  iafluanea  en  dw  pamalltoat  by  iu 
I  prepwitoa  wbleli  tfttantiaa  tha  qiiaBtlty  of  Imm  Hut 
I  ■04  lawaa  tha  widarlyUia  fliouod  in  tnhleh  Ika  pama- 
llDBtaxlata.  Cenponantt  of  tha  anaigy  amlhanae  ngima  at 
tha  gimmd  awfaoa  and  Ownaal  oomrtfcmtow  of  mak  of  Ihaai  to 
panoafrott  an  nodUMi  by  lurfaoa  vagatathra  oovar.  Vogata- 
Hea  alao  axarta  an  ladlnel  Influanea  on  pamaflriMthy  attacHav 
ellnatle  and  eihar  tamln  laatuna,  wideh  ta  turn  hava  a  dliact 
Influanea  en  tha  paiaaftoal. 

Thaaa  dlraet  and  ladliaet  Influaneaa  vary  with  ama  and 
•paoa.  Tha  amrtimnMnt  In  nMcli  panaafroal  axlala  la  dynaiite 
aa  an  tha  Individual  oonponanta  of  Hda  anvtaonaant.  Vagala- 
tloa  la  ooa  of  lhaaa  dynaade  fhetora  aud  tradaa  wlfli  tiiaa.  Aa 
ona  type  of  vaoetttleii  la  auaeaadad  by  anoter,  ae  tha  undar- 
lytag  panaafkoat  la  ehangad  with  Una.  Aa  «  raault,  panaafioat 
aodatlnff  today  rafloeta  dboet  and  Indlnet  Influaneaa  of  dia 
paat  aa  wall  aa  tha  praaant.  Tha  offaota  of  vagatatton  alao 
vary  in  ^oa,  balng  graaiar,  for  axampla.  in  tha  taiga  aona 
than  In  tha  tundra. 

Tha  auia  of  theae  lafluancaa  with  thatr  vailatton  in  tlma  and 
apacsa  la  manlfaatad  In  tha  varUHona  which  axlit  In  tha  perma- 
frost. The  dapth  fram  giotnd  surface  to  panaafroat  tabia,  tha 
temperature  raoMa  Of  dia  ground  above  tha  pamtafioat  and  of 
tha  paimafroat,  and  the  extant  and  thicknaaa  of  paraiafroat  ara 
all  oondttloned  by  vegetation  on  the  ground  aurfaca.  Baeatiao 
vapatatlon  is  so  cloaely  intaiwoven  with  climatic  aitd  othor 
tarraln  factors  affocting  parraafaoat,  It  Is  fraquantly  difficult 
or  Impossible  to  single  out  the  role  of  vegetation  alona. 

Even  within  the  vegetation  complex  Itself,  some  oomponanta 
have  more  Influence  than  others.  It  ts  frequently  difficult  to 
delineate  the  boundary  between  living  vegetation  and  under- 
lying organic  matter,  Utter,  humus,  peat,  mycit,  and  to  sepa- 
rate the  Influence  of  these  two  layers.   It  Is  most  convenient, 
therefore,  to  consider  the  coDiblnad  Uvlng  and  dead  aiatarlal 
lying  on  the  mineral  soil  aa  vagataueo,  althou^  oacAk  nay 

have  a  different  effect. 

Further  ccmp llcatlons  aiv  '_uij:-_iJ  by  the  fact  that  the  lr\!lu- 
er.ces  of  vegetation  may  vary  depending  cn  ccndltlcns  u.-.dcr 
which  they  occur.   As  .i  rusult.  It  Is  possible  )  ir  rrrt.'jln 
coml)l.".«tlon  of  vegetation  and  other  factors  to  produce  one  set 
of  porrnafrost  conditions  at  one  tlrrie  jr  »laea,  ondadlftewt 
set  ul  conditions  at  oncthi-r  iinr  cr  place. 

Because  vegetation  la  such  a  widespread  facto.-  Lf  the  per- 
mafrost environment,  a  larcc  body  of  literature  is  devoted  to 
this  topic  In  North  America  and  the  U3S3.    R.j';5lnr,  l:t<!r,ituri- 
Is  particularly  voluminous,  the  mr.a;  pri:rilnecii  aut.^-jts  being 
B.  A.  Tlkhomlrov  and  A.  P.  TyitUi:v.    (The  Utter  has  i-^I;^..ecl 
two  ler>gthy  and  comprehensive  review  papers  on  U\e  infl.:ence 
of  vegetation  or.  permafrost  .  1 ,  2] .)  Work  has  also  been  car- 
ried oui  m  Scandinavia  on  vorlaUons  In  near-surface  ground 
temperatures  under  difiurent  types  of  plants  and  on  use  of  plant 
types  as  snow  depth  indlcatora  [3,  4l.  Both  have  Important 
impUcauona  In  tha  talationahlp  batwaan  ^ 
permafrost, 

Pnaant  kaawladBa  of  dM  iaftaianoa  of  ^ 
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froat  are  reviewed.  The  complex  nature  of  the  problem  makes 
It  lapoaalbto  to  cover  all  facets.  Canadian  experience  is  cited 
whan  avallabla  with  aupplaoventary  information  derived  mostly 
Ob< 


aURFACB  BfEiey  nCHMIGI 
Tha  annual  haat 


aquation  [S,  6]  at  the  oardi'a  eurfaea 


R  +  Uf'Pi-B-O  (1) 

whara  (R)  is  tha  annual  radiation  balance  (net  radiation),  (LE) 
la  haat  involved  in  evaporation  (including  evapotranaplralloil)- 
eonitanaatloo,  it)  la  haat  Involvod  In  oaaductton-.aaavaetton 
Cluibulant  haat  aiaiehanfa>,  and  0)  la  thanaal  axehaa«a  hi  dia 

ground. 

The  oonlrlbutlon  of  each  of  these  components  to  the  haat 
transfer  nechanlsm  operating  between  soli  and  atmosphara  It 
r  J.fii  c  by  vegetation  properties  at  the  Interlace  of  theaa  two 
media  which  comprise  the  permafrost  environment.  Russian 
studies  show  that  the  heal  exchange  equation  can  be  used  In 
parmafroat  raglons  to  relate  tha  ground  thermal  raglaia  to  tha 

(7.9]. 


I  In  labrador-Vngova  C9],  ualng  a  Klpp  and 
w  highar  albedo— aolar  ndlalion 
neatly  0.9-2.0  n— of  troalaaa  UdMn-oovarad  aurfaeea,  being 
13.SSK  In  eoatraai  to  11.67%  fbr  Uchan-apruoa  woodland. 
0.S2K for  epmee beg,  9.nft  feraiuahag.  and  11.19% fora 
eloaad  foraat. 

At  Nonnan  Walla .  NWT ,  whan  ponnaftoat  ti  wldaaptead , 
obaervaUona  by  die  Dlvlalon  of  BuUdlng  Baaaardi,  NaUeoal 
Research  Counotl,  Canada,  ohowad  that  Uehan  poaeaaad  hWhar 
reflectivity  valuaa  dtas  true  moaaaa  and  Bohaanum.  Movartha- 

less .  these  two  plant  Qrpaa  maintain  tha  paraia&oat  table  at 
about  the  same  lawa)  In  a  given  area,  and  ground  tamparaturaa 
under  both  plant  typaa  are  almilor.  Therafote,  II  Uehan  talaeta 
a  highc-r  proportion  of  tha  net  radiative  (lux  fltan  oioaa,  this 
may  be  compani atad  by  the  moaa  rajaeilng  ■  Mgbar  piopoTtlea 
than  lichen  of  aoma  other  component  of  the  energy  enchanga. 

Another  aspect  of  the  radiation  component  oi  beat  aacchanga 
is  the  Influence  of  foreat  growth  In  reducing  tha  inteaalty  of 
solar  radiation  at  the  ground  surface  which  decreases  the  heat- 
Irig  of  the  ground.  If,  lor  example,  radiation  In  an  open  area 
Is  1  .5  cal/sq  cm/mln  It  may  be  reduced  to  0.0 1  cal/sq  cm/mln 
under  ,1  dense  forest  canopy.  In  winter  the  forest  hinder*  the 
rate  of  radiation  from  tha  ground  but  tha  affect  la  not  aa 
Ibaeeuaeofreduead  foliage  [I,  2]. 


B-Conwaotloa 

DUaet  naaauraaMnt  of  I 
dlfUcttlt.  Inanaigy 
be  obtained  by  two 


I  equatlea  ara  aa* 
dw  iwainder  equala  die  ooiweeuve 
ratio  con  be  need  which  reiatea  dUa 
tattwa  fliOE.  Btawa  the  annual  heat 
eardi'a  autltee  can  be  wrttten  aa 


la  exMMly 
atudtes,  gmntltitlva  valtiaa  can 
(11  All  of  the  other  eompeoenta  of 


It  la  eaeoMod  that 
iponant;  (2)  Boawn'a 
tothaevapo> 
eguatlen  at  tha 

(2) 


Copyrighted  material 


II  totlowt  diat  aa  Menu*  to  hMt  ttmiftr  by  evapor«tioa  d«- 
craa—a  the  awpunt  of  hiitetlwtt  WMtiarwe  dad  vic»  vwwe.  Ib- 
VBStigatDra  In  ilw  0BBR  ataMd  Aat  dw  iwtlo  of  (Fl  to  (IB}  at 
Ihs  UMlliw  la  about  1  to  S  or  1  to  7.  Iacrea«in«  to  about  I  to 
a  wldi  Incroaaod  ■wrfkea  lOugiUMaa  In  lha  aoulh-oaotral  part 
of  tha  tal«a  whara  tha  pannaAoat  boundary  oeeurs  CSl .  Ika 
(n  to  (U|  raUo  at  Point  Banow,  Alaaks.  waa  1  to  0.7  ClO,  111 . 
Bovfaa'a  ratio  tag  aaturatad  SahaBBUM  In  OttaiWi  Canada,  at  lha 
IMvlalan  of  Building  Raaaareh,  was  about  1  to  . 

VartatlOM  In  luibulant  liaat  andiansa  with  dlffteaat  plant 
•padaa  hava  not  baan  axaminad  la  pamaftoat  raglooa ,  On  a 
mtcroaeala.  Um  leushoaaa  faetor  provMad  by  tha  vegetation  la 
giaatly  laducad  north  of  die  nelina.  On  a  mlcioacala,  Snlieg- 
nui  iMida  to  pfoduca  an  unavan  tnicrorellaf  In  the  form  of  hum- 
neeka.  moundai  and  peat  plateau*  in  contraat  to  areas  covered 
with  Irua  aioaaaa  and  Udiaa  which  have  leas  alcaorellef .  Tliie 
oeuM  laault  In  ground  aurfaoa  atr  luibulaaoa  being  signltleantly 
craawf  over  a  Sttha^auia-cevarad  area . 

Euaneratlon 

Evaporation  (including  avapotnnapirsllanl  wlthdrawa  heal  from 
the  sunounding  atmoaphare  and  bom  Inotdent  aolar  radiation 
£l2].  Vegetation  draw*  water  bom  the  aoll  by  tranaplisllon. 
■hue  depleting  the  eoil  o(  the  heat  held  by  that  waMr.  Iliaro 
appear  to  be  vanationa  in  these  weehanlama  from  one  plant 
apeeies  to  another  in  perna&ost  reglona ,  but  the  magnitude  of 
variations  or.d  the  oontiibutlon  of  this  component  to  ground 
tJi^:rn  il  regime  ore  not  clear. 

The  mechanism  of  moisture  transfer  In  moss  and  Uchen  Is 
not  clearly  understood,  but  buth  arc  nonvascular  plants  and 
cannot  tranapira  in  the  sense  that  vascular  plants  do.  Sohaq- 
nuw  esnedallv.  and  to  a  leaser  degree  true  mosses,  lend  to 
absorb  and  raise  water  In  the  manner  of  a  lamp  wick.  Mosses 
and  lichens  liave  a  largo  watcr-hc Id.ng  capacity  and  are 
strongly  hygroscopic  [  13,  14,  15].  They  absorb  water  not  only 
from  precipitation  but  <»lso  frcm  otmosphcrlc  vapor,  the  latter 
being  absorbed  In  direct  proportion  to  the  relative  humidity  of 
the  air.  Yet  during  a  dry  period  they  tend  to  lose  moisture  r  ip- 
Idly.   Probably  at  some  point  in  the  humidity  scale  fat  the  at- 
ntaiphutt? ,  losses  cxcoi;d  the  cjains  jt  moisture  by  the  lichens. 

Tyrtikov  li]  postulates  that  as  vegetation  absorbs  moisture 
IroT  thij  ioil  there  is  a  commensurate  lni;i'.-<i:;i-^  In  the  soil  ther- 
mal cunductlvily.   This  occurs  a!  the  same  tine  as  the  evapo- 
ration of  the  water  lowers  Ihif  iir  ir.:npi:t nt      ,   ■fru  rially  near 
the  ground  surface,  and  so  rod-ces  tr.t  wfirming  ui  the  soil. 
Immediately  alter  a  rainfall,  tr,i'  su.-,  rapidly  dries  the  tips  of 
the  moss  but  this  drying  extends  only  to  a  depth  of  about  S  cm, 
thus  protecung  lha  hnpar  layer  of  moaa  ftan  OKoaaiiva  loaa  of 
moisture. 

When  dry,  Uchens  absorb  water  slowly  from  water  vapor. 
This  proc-e.is  is  negligible,  however,  compared  with  the  absorp- 
tion of  liquid  'wrtti-.-r  he:M ,  riurlng  j  rainfall,  the  water  con- 
tent of  the  atrial  pai'.j.  nuiy  :lt.u  Ir  m  ill  tn  250%  within  a  few 
hours  i  14].    The  le  ss  cI  v/ritot  vnpor  :■'<  Ir.r.  .-ilr  m.iy  i  rriir  r.ip- 
Idly  II  the  difference  ir.  vapur  piusauiu  beiwt^c-n  '.hi?  au  .Tr-.ri  •.h<: 
Uchen  Is  great,  so  thot  r>n  a  drying  day,  the  surface    t  tij..: 
Uchen  becomes  dry  rapidly.  Obscrvotlons  by  the  Division  u! 
Building  Research  at  Norman  Wells,  NWT.  of  tlie  moisture  con- 
tent in  a  Uchen  covsr  during  a  dry  period  showed  S%  moisture 
content  in  the  top  l  in.  of  the  Uclien  in  contrast  to  nearly  200% 
at  tha  bottom  of  the  2-ln.  lichen  cover.  UnUke  Sphagnum  and 
true  aioaaaa.  ilehan  may  not  be  acting  as  a  wick  ir.  drawing 
meiatura  fiooi  bana«lh>  but  It  appears  to  be  protecting  undar- 
lylaa  motatura  fnm avapontlng  Intltwneaa  of  the  air  above. 
Rapid  avaperallan  or  dUfualon  axehanga  of  water  vapor  from 
the  wat  baaal  layer  to  tha  ataioaphara  above  tha  Ilehan  may 
eontrtbuto,  hewavar,  to  low  soil  temperaturos  and  a  high  par. 
■afitwt  table. 

fiaaplto  apaculaiion  that  the  high  permafrost  table  under  tnia 
laoaa.  gBhaanum.  and  Ilehan  may  tie  cauaad  In  part  by  Mgh 
•vaporatlon  ralaa  that  trawant  laige  guandtloa  oi  heat  fsaia  an- 
Mrlng  tha  ground.  obaarvatlOM  at  Nemaa  Walla  In  Om  auauaar 
of  19S9  ataowad  that  iMaa  of  watar  loaa  from  awaa  aad  Otdian 
wave  about  equal  to  aaeh  other  but  lower  dian  (rem  a  giaas-llka 


aedga,  specloB  unkoown.  orgraaa  Cl6].  Obaarvatlons  to  tha 
aummar  of  1960  ahowad  that  ralaa  far  moaa,  Uchen,  and  the 
aadga  war*  about  equal  to  or  lewar  than  tor  graas. 

Mataoiologlcal  faetora  play  a  prominent  role  la  evaporation 
aad  tranapUaUon  ratoa  whara  aoil  molatura  la  not  a  Umltlnig 
faetor.  Phyalelegleal  dxaraeMilatlea  and  radUHon  aad  thermal 
piopartlaa  of  planta  aueh  aa  aieaa  lad  Udtan,  wMeh  malnlaln 
high  parmaboat  tablaa,  pteibabty  cooMbula  atonlfleaattr  by 
avaporaiion  and  baaapbailon  to  tha  mamtn  awBhanga  lagbn*  of 
panaatroat.  A  dlacrapaaey  atoaa  at  Notaian  Walla  whara  the 
aadga  did  not  matnuln  a  high  pamaficoat  labia  but  dlaplayad 
avapoiraaapliutlon  ratoa  eomparabla  to  raiea  e(  net*  and  Udian. 
TUa  Biay  hava  baea  cauaad  by  lha  towar  tnaalaliiig  wlnas  of 
tha  aadga  which  parmltiad  a  graatar  depth  of  thaw  during  the 


Conductivity 

Vegetation  has  a  merited  insulating  effect  on  underlying  perma- 
frost. This  is  true  of  mosses,  lichens,  and  particularly,  of 
peat.  Increase  In  depth  ol  thaw  in  pcrmofrost  areas  where 
vegetation  has  been  removed  has  been  widely  observed. 

Variations  in  the  thermal  conducUvlty  of  peat  with  molsturo 
content  contribute  to  conditions  conducive  to  formation  of  per- 
mafrost I'i],  When  dry,  peat  has  a  lew  thermal  conductivity, 
equivalent  to  that  ol  snow  (about  [l.T'TOl?  g  cal/soc  sq  cm  °C 
cm).   When  we:,  its  thermal  conduciivUy  i::  grr.jily  incr<-.35i.'d 
(unsaturated  pea:  U  about  0.0007  g  col/'sec-       cin  im; 
saturated  p<;,:t  — n  .cj .  .  'sbout  Ci.OOll  g  cal/soc  sq  cm    C  cm); 
wtien  frozen,  i:j  t-ic-titml  r;onductivity  is  increased  many  times 
over  that  of  dr'.cd  peat  and  approaches  the  value  for  Ice  (e.g. , 
saturated  fn  ri^n  p.  a'  .'.b  'jt  n.cr:5b  g  cal/sec  sq  cm  °C  cm). 
During  the  sum.'ncr  ci  tiilri  sutlocu  iuyor  of  dried  peat,  which 
has  a  low  thermal  conductivity,  hinders  heal  transfer  to  under- 
lying soil.   Durlr.n  the  cold  part  of  the  year,  peat  is  saturated 
Ir  :m  iho  Mjrf.ici-,  and  ■.■.•Hon  it  frc-zus  Its  :h-_Trnal  conductivity 
qrtiritly  lTt:::u.ir.<--!.  ,    n('L:.T-].';cr  ::t  Ihi';,  Ihf  .im('*.;n:  I'f  heat  trans- 
I'l-nea  1:1  win:t_':  \t  ■r\  gr^unrl  t,.  .^tni:  -;pi,trrt!  thr;  uyh  thf  fr  sen 
lCG-salur;ittjd  p^ra:  Is  gruuttt  Ui;ir:  tiiu  cimour.l  Vrar-.siTu tied  In  Ihe 
rppo5ite  direction  through  the  surlace  layj:  c!  dry  pL-jt  .ind  un- 
derlying wot  peat  in  summer.  A  considerable  p.jrtl:ri  of  heat 
is  also  required  during  the  warm  period  t    t.cI:  the  Ic-:-  and  to 
warm  and  evaporate  the  water.  The  net  result  Is  favorable  to 
a  permafrost  condition. 

The  rate  of  organic  and  peat  accumulation  varies  with  the 
type  of  vegetation  and  Influences  thermal  conductivity  of  the 
surface  soil  layer  and  thanial  regime  of  the  underlying  perma- 
fteat.  In  a  given  climatic  xone ,  l«ss  organic  material  aocumu- 
latea  from  meadow  and  steppe  vegetation  than  from  forest  and 
bog  vagataHoit.  Oiganle  aiatarlal  accumulates  more  quickly 
la  a  ooalfaiDUB  faiaat  Oan  la  a  deciduous  forest.  Coniferous 
forests  with  their  dense  tree  crowns  and  acMlo  litter  tend  to 
craato  oondliiana  auiisfala  far  tha  daeaJopaiaBl  of  auaaaa,  par- 
ticularly whara  a  cool  eUmato  haa  laducwd  evaporation  »  a 
point  whara  dw  foraat  floor  wtU  b*  molat  daapito  a  low  rain 
fall.  Tha  lato  of  aoeumolatiait  to  a  Itoaat  la  ralaied  to  many 
factara,  latsludlag  tha  preaence  or  absence  of  moas  and  Ilehan 
eevar,  Ita  spaelaa  oempoaltlon,  r  - '      dnnr  c  of  swamplneaa. 
tn  a  tbraat  with  a  aurfaoa  oovar  01  .■.■pii..iari)ji-ti ,  a  peal  horlxcxi 
fanaa  mora  quiekly  dian  In  a  forest  with  true  moaa. 


CLIMhtlC  AND  TEHIWIN  FEATUREB 


Vegetation  exerts  both  an  indirect  iniluence  un  permafrost  by 
modifying  climatic  and  other  terreUn  features,  which  themaalvaa 
influence  permafrost,  and  a  direct  Influence  by  its  role  in  tha 
haal  traMfar  mechanism  between  ground  and  atmosphere,  lha 
Influanoa  of  vegetation  on  various  microclimatic  features, 
drainage  and  the  wator  regime,  anew  oovar.  aitd  tha  taifluanea 
of  one  type  of  vagatation  on  aaothar,  ara  Imporiant  aapaets. 
Thaae  faaiwaa  ara  ae  etoaa^  tatarrelatad  that  it  u  diaieuU  to 
aaaaaa  Ibalr  ladlvMnal  eontnbuHiona  without  taefaiaig  aema 
aapaeta  of  other  laaiuraa  • 
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Mtcfocllmate 

Voqetation  decroasos  air  cuffent  velocities  within  its  strata  and 

therefore  Impedes  heat  radiation  from  the  soil  to  the  air  when 
the  latter  is  cooler,  as  at  night  [ISJ ,  and  during  periods  of  the 
year  when  soli  temperatures  are  wanner  than  the  air  1. 13] . 

The  density  and  height  of  trees  influence  wind  velocities 
near  the  ground  surface.  Wind  velocities  are  lower  in  areas 
of  tall  dense  troo  growth  than  whoro  trees  are  stunted  and  scat- 
tered, or  absent.   Higher  velocities .  resulting  possibly  from 
fewer  obstructions  In  areas  of  sparse  tree  growth  cause  more 
heal  to  move  away  from  these  areas  per  unit  time  than  from  the 
areas  of  dense  growth.  In  the  southern  fringe  of  the  permafrost 
region,  permafrost  is  more  commonly  associated  with  areas  ol 
sparse  or  no  troo  growth  for  a  number  of  reasons.  Other  factors 
being  equal,  the  (xjsslblllty  of  slightly  lower  air  temperatures 
because  of  higher  wind  velocities  In  these  areas  may  contribute 
to  a  ground  temperature  condition  conducive  to  the  existence 
of  permafrost. 

Air  movement,  such  as  the  drainage  of  cold  air  at  night  from 
an  elevated  area  downslope  to  a  depression,  is  a  microclimatic 
feature  associated  with  relief,  which  may  also  be  significant. 
Even  mlcrorcllef  features,  such  as  peat  plateaus,  may  produce 
sufficient  dlfforoncos  In  elevation  to  cause  downslopc  air 
drainage  at  night. 

Vegetation,  especially  tree  growth,  Intercepts  a  significant 
portion  of  atmospheric  precipitation,  both  rain  and  snow,  by 
as  much  as  10  tu  4(."X  L2j .  Any  rain  that  reaches  and  pene- 
trates the  ground  carries  heat  with  it  b>wacd  permafrost  so  that 
interception  of  rain  results  In  a  reduction  of  heat  entering  the 
ground.  On  the  other  hand,  interception  of  snow  by  trees  re- 
sults in  a  lower  accumulation  on  the  ground  and  the  possibility 
of  deeper  seasonal  frost  penetration.  Increased  shading  caused 
by  snow  on  tree  branches  reduces  the  amount  of  solar  radiation 
received  at  the  ground  surface,  but  this  Is  counteracted  partly, 
at  least,  by  the  reduction  of  radiation  from  ground  surface  into 
atmosphere , 

Drainage 

Ground  that  permits  the  greatest  degree  of  water  penetration 
usually  thaws  to  the  greatest  depth  [  13] .  There  is  evidence 
that  extensive  root  systems  Impede  downward  perct)latlon  of 
water  and  therefore  restrict  soil  thawing  L  13] .  On  the  other 
hand,  roots,  especially  dead  and  decaying  ones,  may  provide 
channels  for  water  penetration  and  sometimes  loci  for  the 
growth  of  granules  and  small  stringers  of  Ice  [  13  j . 

Vegetation  Impedes  surface  runoff.  In  forests,  particularly 
where  vegetation  Is  not  disturbed,  runoff  amounts  to  less  than 
3%  of  the  total  rainfall,  whereas  in  open  areas  and  on  the 
plains ,  it  exceeds  60%  C  1  ]  •  The  rate  of  runoff  to  precipitation 
Is  probably  also  significant  to  permafrost.   Subsurface  drainage 
Is  slow  In  peat  because  of  Its  filtration  properties. 

Snow  Covet 

The  low  thermal  conductivity  of  snow  and  Its  double  role  a* 
Inhibitor  of  frost  penetration  during  winter  and  soli  thawing  In 
spring  has  been  noted  by  many  authors  [  13] .  The  retention  of 
snow  In  the  crowns  of  trees  has  already  been  mentioned.  In 
spring,  the  snow  cover  remains  on  the  ground  longer  in  forested 
areas  than  In  thfe  open.  Where  strong  winds  prevail,  more  snow 
accumulates  under  a  vegetation  cover  than  In  open  areas.  Snow 
protects  the  ground  from  freezing  in  winter  but  it  also  increases 
the  moisture  content  of  the  soil  In  summer,  thus  contributing 
to  lower  summer  ground  temperatures  L  l] . 

In  Labrador-Ungava  a  good  correlation  was  noted  by  Ives 
[l7]  and  Annersien  [18]  between  the  vegetation  and  snow  ac- 
cumulation and  the  distribution  of  permafrost.  On  exposed 
rldgo  summits,  where  vegetation  was  virtually  absent,  snow 
accumulation  was  kept  to  a  minimum  by  the  wind,  and  perma- 
frost 200  ft  thick  existed.  In  sheltered  gullies,  vegetation 
was  belter  developed,  snow  accumulated  in  the  winter,  and 
permafrost  was  only  a  few  feet  thick  or  absent. 

Vegetation  Properties 

Within  the  framework  of  the  complex  InterrelaUon  existing 


among  various  t'errain  features  that  affect  the  ground  thermal 
regime,  such  as  relief,  drainage,  soils,  snow  cover,  and  vege- 
tation, special  characteristics  of  some  plant  types  may  signif- 
icantly Influence  permafrost  and  also  Indicate  the  existence  of 
permafrost. 

Tlkhomlrov  C  19]  mentions  several  characteristics  that  influ- 
ence the  ground  thermal  regime  of  true  mosses  and  Sphagnum: 
It  possesses  low  thermal  conductivity,  high  moisture  holding 
capacity,  and  may  shield  roots  of  vascular  plants  from  low 
air  temperatures:  It  promotes  uniform  thawing  and  protects  soil 
from  runoff,  solllluciion,  erosion,  and  ihermokarst.  Moss  re- 
duces the  temperature  amplitude  of  underlying  soli.  Tlkhomlrov 
postulates  that  heat  from  moss  in  late  winter  recrystalltzes 
snow  at  the  moss  contact,  that  photosynthesis  Is  possible  un- 
der a  thin  snow  cover,  and  that  hollows  form  In  the  snow  In 
which  the  air  temperature  is  higher  than  the  outside  air  temper- 
ature, producing  favorable  conditions  for  plant  growth  under  the 
snow.  Porslld  sutes  that  solar  radiation  is  the  more  likely 
source  of  heat  [20] .  He  also  questions  photosynthetlc  activity 
beneath  even  a  thin  snow  cover  and  the  provision  of  favorable 
conditions  for  plant  growth  under  the  snow. 

Robinson  noted  that  in  fall  the  melting  of  early  snow  fills 
the  moss  with  moisture  enabling  it  to  conduct  heat  at  a  more 
rapid  rate:  this  permits  greater  heat  loss  from  the  ground  and 
deep  penetration  of  seasonal  frost  [21],  In  summer  the  lop 
few  Inches  dry  to  a  point  where  they  act  as  an  effective  Insu- 
lating blanket.  Therefore  the  presence  of  a  deep  layer  of  moss 
keeps  the  soil  at  a  low  temperature  continuously  and  favors 
development  of  permafrost.  Muss  Is  very  water  absorbent. 
The  lower  portion  o!  a  moss  layer  Is  usually  moist  and  this 
maintains  the  ground  In  a  damp  or  wet  condition. 

Certain  plant  typos  provide  rather  reliable  Indicators  of  the 
existence  of  permafrost.  At  Thompson,  Man..  Canada,  the 
presence  of  Sphagnum ,  and/or  stands  of  spruce  varying  from 
small  trees  in  open  stands  to  moderately  large  trees  in  nearly 
closed  stands,  was  found  usually  to  be  associated  with  perma- 
frost, if  the  drainage  was  fairly  good  C22j.  In  northern  Alberta, 
all  but  a  few  of  the  permafrost  occurrences  were  found  in  low 
flat  depressions  C23] . 

In  these  areas  two  associations  of  vegetation  predominated. 
One  was  grass-like  sedge  with  llllle  or  no  tree  growth  and  thin 
moss  cover.  These  areas  were  almost  always  wot  and  no  per- 
mafrost existed.  The  other  consisted  of  Sphagnum ,  lichen 
patches,  and  scattered  stunted  black  spruce.   Some  of  these 
areas  were  wet  and  contained  no  permafrost.  The  remainder 
were  drier,  and  permafrost  occurred  at  depths  ranging  from 
about  2  to  4  ft.  At  the  edges  of  these  areas,  the  permafrost 
dropped  off  abruptly. 

Throe  varieties  of  vegetation  arc  shown  In  Fig.  I ,  taken 
Sept.  20.  1962  (S7- 47-N,  117°50'W),  3.2  miles  west  of  Mac- 
kenzie Highway.  Alberta,  Canada,  In  the  southern  fringe  of 
the  discontinuous  zone  of  the  permafrost  region. 


rig.  1 .  Variety  of  vegetaUon  associations  with  related  varia- 
tions In  permafrost  occurrence 
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Tte  Ugbt-toiMd  vegetation  in  the  for«9iound  and  aUiddte 
qnmd  goiulati  of  Md«e  (Carox  sp.)  and  «nas  with  •  Mn 
dlsoontlauous  oovar  e(  iMiim  «nd  ottiar  "^-ffthWHW  nosM* 
In  BiMdliig  traMr.  Ho  pmnaftoat  «»••  meountmd. 

tbm  daik  toati  UlMd  In  foregfPiind  (man  kBMUng}  im  a 
allohdy  alavalad  paat  ptanaan  with  ^manA  oovar  of  hiumaociiy 
dahaaaf  and  tabredor  tna.  Dapth  of  anaa  and  paat  la  4  ft 
2  In.;  black  orgmHa  altt  4  ft  t  la.  to  $  ft  0  in. ;  danaa  blulab 
allt  day  t  ft  0  in.  to  below  f  ft.  Paraafteat  tAla  extaoda  fRMB 
ftoai  >  ft  9  In.  to  7  ft  bolow  ground  awfaea.  Panaafroai  occura 
alao  In  tha  daik  alawat  Ifaateaa  patch  (*ama  ground  vagatatloc) 
at  right,  batwaan  tadga  ma  In  middle  ground  and  foraat  in 
backsraund.  Tha  fbiaatad  araa  ooaalsta  of  apnioa,  poplar, 
mckptna.  and  bfielu  bo  panafioat  waa  anoountacad  bwra. 

VEGETATION  ZONES  AS  A  PCRMATROST  INOICATOII 

tn  Canada.  Atotka.  and  tha  VW.  tha  Influanen  of  vagataHoa 
varlaa  fiwa  ona  gaobotanloal  aona  to  aoetfaair.  In  Canada  and 
AMkm,  panaaboatooDura  In  tumka  and  tal^a aenaa.  1a  tlia 
uaSR.  It  occurs  In  thaaa  two  conai  and  alao  axtanda  aoulhward 
Into  Ilia  alappa.  Tha  varlaty  of  vagautlon  aaaootaUona.  tha 
quantity  of  vagatabla  Mittar.  atand  halght.  and  dnnalty,  and 
nta  of  paat  aaeuntdatloa  aM  all  fiaataat  in  ifaa  taiga ,  grad- 
ually dlDlnlahlng  northward  into  tha  tMndra  and  aouthwafd  into 
iha  siappe.  Tha  dagraa  and  varlaty  of  tha  Iniluanoa  of  tha 
vagataUon  on  tha  paraiaiioat  ehangaa  In  a  parallal  mannar  Cs] . 

In  tha  nordiam  part  ot  tha  tundra  tha  vagatatton  haa  Uttia 
bifluaiiea  co  paimaftoat  baeauaa  It  la  sparaa  and  tha  vagntotlve 
parM  taata  laaa  than  two  atonlha.  It  cauaaa  local  varlatlona 
In  daplh  of  thaw  and  halpa  Iwpada  aioalaa.  Tha  daatnietlon  el 
tha  vagatatlan  aooalaraiaa  thawing  only  allghtly. 

In  tha  aouiham  part  of  tha  tundra,  tha  vagatatton  baoonwa 
■ora  abvndaat,  paat  BMntlaa  part  of  dw  aurfaoa  and  attalna 
tMekaaaaaa  of  aavatal  laat  In  aowa  baalna .  Tha  aialn  Inf lit- 
anea  of  the  vagatatton  la  on  tiba  dapUi  of  dun*.  It  vagatatlen 
Is  ramovad.  dM  dapdief  thaw  will  increata:  aroalon  wtU  in- 
ctaaae  and  thanaokarat  will  develop  u  thawing  ptooaada  at 
dllfaraot  ralaa  ovar  an  area  or  U  there  are  local  differences  in 
tha  loa  coniant  ot  dM  ftocen  ground . 

In  forest  tundra,  vagetatlon  msss  is  greater  tbun  in  tita 
tundra  ,  and  the  rate  of  accumulation  of  organic  material  la 
higher.  Cxtenslva  paat  bogs  fonn  and  water  basins  are  en- 
croached by  vegetation  and  pamafrost  forms.  Woody  and 
brush  vegetation  grsw  which  accumulate  snow  leading  to 
higher  permafrost  temperatures  than  In  the  tundra.   II  the  vege- 
tation is  removed,  the  depth  of  thaw  Increases  but  this  is 
counteracted  to  some  extent  by  lower  snow  aociMBUlation  and 
a  decrease  In  pormafrcst  temperatures  [  1 1 . 

The  maximum  dcvolopmor.t    f  vi'^i  iatlon  uccurs  In  the  taiga. 
Here  vegetfl'-Sun  hss  Its  ar-Mti'si  influence  on  permafrost  even 
la  very  ST.all  lucallzed  areas  eduaiii'j  variations  l.i  Its  extent, 
depth  Q.'  thaw,  -md  qrc  jnd  temperatures.  Frequent  forest  fires 

cause  v.iri.:itMns  in  the  occ^rri-nca  and  tMcknaaa  Of  paraMAnat 

over  short  distances  In  the  l.iic:.i. 

Mass.  density,  height  atiri  li.ll-cuce  o(  veget-^.tun.  .ind  rate 
of  accumulation  of  organic  matter  are  less  in  the  steppe  than 
In  tha  taiga,  but  dapth  to  pamafroat  la  grvatar. 

AinmnoH  or  pimuFRoer  coKDmom 

Changes  take  place  in  the  permafrost  as  a  result  of  the  vegeta- 
tion.  The  Influences  Include  the  effect  of  vegetation  on  depth 

f  thjw  and  dt'pth  t  >  pornafr  s'    t^.'j  temperature  regime  In  per- 
mafrost and  the  ground  abuvu.  and  extent  and  thickness  of 
pannafroat. 

Iha  moat  aaslly  observed  and  measured  characteristic  of  par- 
naCrost  is  depth  of  thaw  and  varlaUons  In  typaa  of  vagatatlon 
are  often  readily  noticeable.  Because  this  is  so,  more  obser- 
vations have  been  made  on  this  aspect  of  the  relation  of  vege- 
tation to  pamafrost  than  any  other.  Despite  the  large  number 
of  oliaafvatlona  rapottad  la  tha  Utaratura.  ■aBhanianiB  opan- 


tlva  In  thawing  'of  dia  aetiva  layar  and  pamaftoat  and  cauaaa 
of  vartaoona  flOM  ona  typa  of  vagaiatloa  to  aaothar  ara  not 
elaarly  undarateed.  Ona  dlttleulty  In  eoiapartng  dapdi  of  thaw 
obaatvatlona  in  varleaa  localltiaa  la  eauaad  by  vanattena  in 
cUaiaia.  vartattona  In  othar  ininin  faciora  eloaaly  aaaodatad 
vdlfa  Iha  vagatatlan,  and  by  adnuta,  but  poaallily  algninoaat, 
varlatlona  wMiin  a  partieular  typa  ot  vagatatlon. 

Raaioval  of  vagatatiM  oovar  la  a  panaaflieat  araa  cauaaa  an 
Meraaaa  In  tha  dapth  of  diaw.  At  Imivik,  MWT,  In  Iha  eon- 
tlmiouB  panaafroai  aona,  dia  maxbaun  d^th  of  thaw  in  an  un- 
dlaturiiad  Bwaa-aovaiBd  ana  wna  2  ft  In  conmat  to  dapdia  of 

5  to  B  ft  In  aiaaa  airlppad  thna  yaara  prwvlowaly  CM).  On 
land  stripped  for  cultivation  at  Inuvik,  the  original  maxiaiuM 
daplh  of  thaw  was  about  2  ft  prior  to  disturbance  (19$6|.  By 

1959  the  ground  thawed  to  a  depth  of  70  in.  C2S] . 

The  surface  cover  and  peat  appear  to  have  much  greater  In- 
iluer.ce  on  depth  of  thaw  than  dia  undaiforush  and  trees.  At 
Inuvik ,  In  undisturtiad  araaa  and  In  araas  where  the  underbrush 
and  trees  hod  bean  removed  three  years  previously  but  with  tha 
moss  cover  left  Intact,  the  depth  of  thaw  was  2  ft— similar  U) 
the  depth  prior  to  ar^y  disturbance  L24l.  At  Norman  Wells, 
depth  of  thaw  measurements  were  recorded  by  the  Division  of 
Building  Research  In  dllferent  types  nt  vegctatlcm  fr^™  to 
1959.   The  greatest  depth  of  thaw  occurred  In  the  gras.s-Ukt/ 
sedge  area  with  no  nwas  cover  reaching  a  depth  of  5  ft  6  in. 
after  ab       33S0  d><jroo  days  of  thawing.   The  n<  xt  gr<-.ilcst 
depth  '  t  th.iw         .  >tj;ierved  Sn  a  wcir.dt^d  .le^^t  h.iviny  -i  cjround 
cover  -1  '1  in.  I  1  1-1  js±.  : v-t lylUi;-  J        i:  poat,  rt>achl.-.q  4  ft 

6  In.  after  iii'j  degree  days  jf  thawing.   Tno  next  greatest 
thaw,  3  ft  3  in.  .    ic.7.,rrnd  in  a  treeless  grass-like  sedge  and 
m<rS5  arf^.j  with  .3  3-lr,.  moss  cuver  iverlylng  6  In.  of  peat. 
Th<-  ;;h.ii;  'wi^:.i  rlepih  o!  thaw.  2  It,  was  observed  In  a  sparsely 
trued  area  having  b  in.  of  moss  overlying  18  in.  of  peat.  Evi- 
dently, the  depth  of  thaw  decreased  with  an  increase  In  the 
combined  thickness  r>(  living  moss  and  |;«at:  the  ilenslty  and 
SiJte  of  iiee  q:i  wtli  r:iJ  nut  appear  tu  make  much  difference. 

Russian  Inveallgat-rs  fi  and  that  cf  all  li-.o  types  of  ground 
cover.  Sphagnum  appears  t;:  retard  thawing  most.  In  the  Igarka 
region  of  the  USSR,  the  depth  ol  thaw  in  19S0  under  this  cover 
was  18  cm  (7.1  In.)  on  13  July,  22  cm  (8.7  in.)  on  3  August, 
and  26  cm  (lO.i!  in.)  on  2  September  In  contrast  to  25,  31,  and 
35  cm  (9.8,  ii.l,  13. a  l.i.)  o:.  the  iame  ciates  under  true 
mosses  conslitlng  ol  Hvpr.mn  and  other  apoctes  ll .  Z] . 

The  relative  Influence  of  living  ground  cover  and  underlying 
peat  has  been  investigated.  It  has  been  pustulated  that  peal 
retards  thawing  avan  mora  than  Uvlitg  mosses  and  lichens.  In 
the  arctic  region  of  the  Yenlaey  Rlvar  In  Siberia ,  removing  the 
moss  and  lichen  but  leaving  Iha  peat  layar  rasultad  In  an  in- 
oraase  in  the  depth  ol  thaw  by  20  to  SOK .  After  both  living 
oovar  and  peat  were  ranu>vad,  daplh  of  liiaw  Inenaaad  by  l.S 
to  2.S  times  Cl .  2]. 

Temperature  Rcgtine 

luat  aa  tha  vagatatlon  axarts  a  marked  InfhMoca  on  dia  dapth 
of  thaw  and  dw  depth  to  perma&oat.  It  alao  modlllad  ground 
tanparaturas  both  in  permafrost  and  tha  ground  dbova.  An  in- 
crease In  depth  of  thaw  leads  to  an  Inereaae  In  ground  tanpara- 
ture  and  degradation  of  parma&osi.  A  decraasa  In  dapth  of 
thaw  leads  eventually  to  an  aggradation  of  the  permafrost. 

At  Norman  Wells,  ground  temperatures  were  measured  In  the 
thawed  layer  by  the  Division  o(  Building  Research  in  19S9  and 

1960  to  assess  ttve  effect  of  different  types  of  vegetation  on 
underlying  soil  temperatures  during  the  summer.  In  September 
19SB  tha  mean  air  temperature  was  41 ,2'' F  and  the  mean  grouivd 
tmpavature  at  the  l-ft  depth  for  this  period  fn  various  vegeta- 
tlan  araaa  were:  grass  (no  moss  or  peal)  40.0''r,  sedge  (no 
moss  or  peat)  36.5^r,  grass-like  sedge  (3  in.  true  moss  over 

6  In .  poaO  35  .O^T,  moss  (5  in.  Sphagnum  over  18  in.  peaO 
32.5' r,  lichen  (2  in.  Uchcr,  nver  24  ir  .  r^^l)  32.6°F. 

There  appeared  '-j  be  a  oener^;  docri'  i  51^  I-  Temperature  with 
Increased  comblr.ed  mogs  .ind  pieii  thlL-Kne^,:, .  Texporaturea 
were  sintlar  under  n^mn  jnri  lichen  .jlLhcu'^h  living  noss  was 
much  thicker  than  lichen.  The  combined  thickness  of  living 
oovar  and  paat  waa.  howavar.  apptoitfnaialy  aqual.  Oround 
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temparatura^  tahm  la  1960  In  Hm  tbavnd  toyar  showad  tlmt 
tbey  were  hlghast  undar  iba  graaa  m»,  lowiar  widar  tlw  mtdgm, 
and  loweat  undar  tha  moas  and  ll^wa.  Tanperatura  amplitudes 
alio  dacraasad  In  the  aaiaa  ofdar.  Tlianaal  raaiatanea  and 
damping  affect  of  mosa  and  IMwn  warn  abown  by  the  fact  ttoi 
montiily  mean  air  tampafaturaa  wwa  about  10*  P  hlgbar  In  1060 
liim  In  10S9«  but  tha  dUtamim  in  maan  «rovnd  tampnratura  at 
tlM  l-ftdapth  wan  lata  tiwa  l*r. 

Ground  tamparatura  raadlaga  wan  alao  takan  at  Monnan 
Walla  down  to  tha  20»ft  deplfa  In  penaalioBt  undar  tha  aadge. 
moss,  and  lichen.  Even  below  the  lO-ft  depth,  the  mean  tem- 
perature under  the  sedge  for  August  and  September  1960  was 
about  3T  higher  than  under  the  moss  and  Uchen,  which  were 
about  equal.  Above  this  depth  the  dtlierence  was  even  greater. 
Similarly,  tha  tamparaiuro  anputudat  in  tha  top  10  ft  waro 
twice  aa  much  under  the  sodgo . 

There  la  no  doubt  that  vegetation  modifies  tha  temperatures 
of  the  aeaaonally  thawed  layer  and  permafroat.  In  all  cases, 
ground  tempt!ratures  In  summer  will  rise  when  the  vegetation 
cwvur  Is  r«mciv«d.   On  Itie  other  hand,  the  «;lfecls  >(  winter  olr 
;i'inf'_rjtur>.'i  v/V,'.  penetrate  to  greater  Jci  th^  thj-.  ir.  jr.dis- 
lorbod  iSii-tis.    Tfie  net  effect  on  mean  jnnuaJ  tcT.fierat jrc  will 
depend  on  other  factors,  s-ch       iicw  : 

It  Is  difficult  t<:  compart;  !h«i  ctlecls  "I  rti!l.'n.-n;  ^ypi;-;  it 
vegetation  'jT\  permafr;5St  because  dlKerer.t  ly:  i-  ;  lrr(|i:i  nl  ly 
grow  in  close  association  or  in  a  mosaic,  and  the  individual 
•ffaet  of  aaeh  nay  not  ba  roadlly  apparant. 

Bttant  and  Thlctaiaaa 

A  chanQa  In  dapth  of  thaw  and  a  dianga  In  tampamtun  of  tha 
actiVB  laynr  and  the  panaaJroat  producad  by  a  changa  la  Mga- 
tatlon  aMbltabaa  a  Change  in  tampafatum  gndlKit.  Thla  in> 
•ulta  la  nithar  aggradatUra  or  degradation  of  tha  pannaftoit. 
In  tha  aoutham  (ringa  of  the  parmaflroat.  tha  ramoval  of  Ibe 
vagatatlon  may  raault  in  dlaa^aranca  of  tha  panaaboit.  Iha 
aat^Uahmant  of  a  moas  cover  may  laad,  paihapa,  to  lha 
formation  and  aecuiMilatlon  of  parmafrost. 

CONCLUSION 

Thla  paper  reviews  various  ways  In  which  vegetation  affects 
permafrost.   Seme  mechanisms  add  heat  t,  the  ground,  others 
fdClUtate  heat  lass  from  the  ground.   Some  add  heat  st  one  tl.»ne 
and  ctiruribute  tii  heat  loss  another  time.   Influetn  i: •.    :  vtcj<!- 
tatliin  are  almvist  all  reversible  depending  on  the  condltl  ins 
under  which  thoy  occur.   The  complexity  and  multlfacetod  ef- 
fects cf  vegetation  on  permafrost  often  lead  to  a  situation  where 
under  cne  set  of  conditions  a  plant  community  decreases  the 
soli  temperature  and  increases  It  under  other  conditions. 

It  Is  very  difficult  to  attach  absolute  quantities  to  each 
facet  of  the  vegetation  influence— total  them,  and  arrive  at  the 
resultant  direction  and  magnitude  of  heat  flow  at  a  particular 
lime,  much  le»s  perform  this  operation  for  all  the  past  influ- 
ences and  assen:;  their  effect  on  the  present  permafrost  situa- 
tion,   tvfn  SI  each  factor  could  be  measured  quantitatively, 
the  c  nuifcu:;  m  of  some  is  so  minute  that  the  cumulative  er- 
ror w  Lild  h9  unreeUatlc.  In  addition,  ttiera  are  factors  which 
are  ^    nably  not  evon  knoVRl  or  p^:  ssiblO  lo  maasure  . 

Tho  best  solution  appears  to  be  to  measure  obvious  effects 
1  vejLtatlon,  such  as  depth  of  thaw,  temperatures,  extent 
and  thickness  of  permafrost  which  are  maaifaatntiona  of  tha 
net  heat  gains  and  heat  losses  to  tha  gxaund>  and  ralata  tbasa 
to  variations  in  environmental  oonpoiMnta.  The  aame  perma-' 
frost  conditions  may  occur  in  two  adjacent  areas,  but  the  oom- 
biaatton  ol  vogalaUon  and  other  (actors  producing  two  similar 
aats  of  panaaflrost  conditions  may  ba  4ulta  dlffaianti 
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PLANT  K:0L0GY  IN  PERMAFROST  AREAS 


AIBBRl  W.  lOHNSON,  Unlvarslty  at  CsUfomia,  U>s  Angoles 


Botanisu  whose  ftaU  •ettalttog  hVK  taken  them  to  the  arcUc 
and  alplna  portloai  e(  flia  norkl  hava  alnaaad  Hia  Inportanoa 
of  parannlal  aad  laaMiiial  beat  phaooaMoa  in  modifying  vaga- 
Mtlm  potMcna.  Biotogleol  atudlai  ralaiad  lo  proaaaco  of  loll 
lea  ara  thut  far  laigaly  eontlnad  to  desertptlona  of  atirfleial 
patiama;  Ilttia  anpailaiaiital  work  has  baan  aoeompttihad. 
Waakbum'a  [  l]  ravlaw  of  tba  nMny  hypoihaaas  propoaad  for 
patlamad  ground  ganaala  lUtiatraiaa  tha  dlf fleulty  !■  axplalnlng 
Panama  «ih1  pmoaaaas:  tbaaa  pnbtom  ara  eonpovadad  for  tiia 
botanlat  iriio  iniat  rattanalUa  Ma  intaipratatloMa  of  vagaution 
Panama  with  pKyaleal  ayatana. 

Tha  ralavant  botanical  Ularatura  In  this  flald  has  baea  ra- 
iriMMd  CZ  to  5].  Many  WMkars  C6  to  13]  hava  ooolrlbuled 
aigaifteaatir  to  dia  aeealaraiad  Intaraat  In  thaaa  pbanoaMna 
slaea  World  Warn.  Moai  of  tMs  gaobotanleal  work  la  eon- 
eamad  wldt  tha  influauoa  of  float  aotloo  on  otedtfylng  plant 
dlatttbnUaa  to  aphleh  pamaltost  has  baen  aaslgned  a  contrib- 
uting. It  paaalva,  rola.  Altfaougb  paraiaftoat  la  not  a  limiting 
raqidranant  far  tha  iafnatlen  of  pattamad  ground  Ll4] ,  pat- 
taraad  ground  taaturoa  ara  ganaraUy  aiota  wldasproad  In 
panaalroat  areas . 

rarmafrost  is  »ot  a  part  o(  the  plant  anvlronroent  (Mason  and 
laaganhaia  llSj),  bacauaa  plants  apparently  do  not  grow  In  It. 
Nnaafrost  SMMllfias  Die  operational  environment  of  tha  plant. 
TMs  paper  discusses  how  permafrost  modifies  envtronmenta  and 
datermloes  v&getatiun  patterns  in  the  Ogotoruk  Crcvk  Vallay  of 
nordnraatem  Alaska.  Frost  aotlon  Is  consldarad  only 
parlpheraUy. 

VfiQETAnON  AND  PEXMAniOST 

Itia  foUowlag  IntamlaHaaahlps  at*  suggestad  batwaaa  panaa- 
ttoat  aad  vagatattoa: 

1 .  Paraiaftoat  Inpadas  dralnaga  of  waiar  darivad  ten  pia- 
dpltBOon  and  runoff. 

2.  Parawlroat  maintains  low  tamparaiuraa  In  tlw  root  aona 
during  tha  gronrtng  season . 

3.  Tha  aggregation  of  massaa  of  aoll  lea  laada  to  aurflclal 
Itragularttlas,  white  aialUng  of  this  loa  ptoducaa  thatmokarst 
topography  and  oHiar  (aatures  tneludlng  pond  and  laka  lonaa- 
tton. 

4.  Pcrmafnst  provides  an  Impervlcus  substrata  SlfldlST  to 
bedrock  upon  which  saaaenal  iraaslng-ibawlng  piooaaaaa. 
Including  soUflttetion.  oeeur  men  iniansaly  liian  In  daap, 
wall-drained  soils . 

5.  Plant  roots  are  restricted  to  the  active  layer. 

6.  Vegetation  cover  danps  temperature  extremes  In  tha 
soil  and  holps  maintain  high  permafrost  levels;  It  slows  paoa- 
tratlon  of  hvat  and  cnld  Intn  the  soil  In  spring  and  fall. 

7.  Vegetation  retards  frost  action  as  well  as  tha  kind  of 
erosion  associated  with  the  melting  nf  soil  icc. 

Many  papers  Imply  that  the  presence  of  permafrust  In  a  re- 
gir.n  h.3s  rnnro  tnflunnco  than  regional  climate  In  determining 
the  vt:gt?Mti'.n  p.5(t';rn3   .f  the  landscape.    Tor  example.  Ben- 
nlnqh  fl  l   1  ■--.^y^.    . .  .th^iwing  throughout  tha  sununer  In  tha 
upijnci  sulu  :f  dry  ini-rii  r  Alaska  IS  ballavad  10  ptovUa  woiar 

f  r  th'-  relatively  luxuriant  forests." 

S  'lh  permafrost  and  vogotatlor.  rc 5p<;-.d  *j  reglo.-.al  cll.-iui'-e. 
nKxUUcaUon  of  climate  to  the  extent  of  removlrvg  the  permafrost 
wmiM  radloally  ehanga  tha  charaolanstloa  of  tha  vagatatlon. 


not  only  because  i>f  changes  In  the  soil  molstura  raglma,  but 
lor  othar  equally  Important  reasons . 

OGOTOmiK  CREEK  VAUEY 

Tha  Ogotoruk  CraOk  Vallay  (fiV'OS'N,  165*45 'W)  in  nortbwasiam 
Alaska  la  an  araa  of  approxlmalaly  40  sg  mltea.  and  it  lias  %rall 
wldiln  the  llaiiu  of  tha  eontlnueua  parmafroat  sona  aa  definad 
by  ftmgtn  C16]  and  applied  loeol^  by  others  [17.  ISJ.  Tha 
pbysleal  and  blologloal  cdiaraiilarlstlcs  of  lbs  vallay  ara  wall 
Itnovm  bacauaa  of  a  c»noantratlon  of  blo-aavtromaantal  atudlaa 
in  tha  araa  during  tha  Projaot  Chariot  program,  two  aummarlas 
of  which  hava  appaaiad  lo  data  lt9,  20j . 

The  Ogotorak  Creek  Vallay  Is  cootalnad  by  t%vo  major  ridge 
systans  and  Is  ^ut  2.5  mltes  hioad  whara  tha  Cmak  da- 
bottohas  Into  Iho  Chukchi  8aa:  It  widana  to  about  S  mltea  at 
tha  haadwaiara  of  tha  Craak.  Local  rellaf  vartes  from  saa  teval 
to  slightly  mora  than  1000  ft  in  a  few  isolated  summits.  All 
bedrock  in  the  araa  Is  of  consolidated  marine  sediments,  rang- 
ing in  age  from  Early  Mlsslsslpplan  to  Cretaceous  [21]  and 
oonslstlng  of  limastona,  dolomite,  chert,  sandstone,  and  mud- 
alona.  Unoonsolldatad  Pleistocene  dep^isits  some  10  to  50  ft 
thick  overlie  the  b«drock  In  more  than  50%  of  the  area.  They 
inclvxle  collu'/lum,  terrace  gravel,  floodplaln  alluvium,  ancient 
beach  deposits .  peat,  and  autillan  sar.d  and  silt.  Limestone 
and  doKimite  de(>:islts  are  limited  lu  the  west  Side  of  the  vallay, 

while  the  acidic  sandstones  and  mudstonas  ara  found  at  low 
elevations  on  the  west  slda  of  dia  vallay  and  comprlsa  all  the 

rucks  on  the  eastern  side. 

Permafrost  is  continuous  in  all  rock  and  sediment  dci>  iif. 
U'  depths  o!  mi>re  than  lOQCJ  ft  at  p;jlnts  more  thisr.  1000  !i  tnitind 
but  thinning  to  about  9S0  ft  deep  near  the  shoru    f  the  Chukchi 
Sea  i21J.   The  upper  limit  of  perrnafn-st  >.s  variable  according 
to  surflclal  conditions  of  soil  texture,  rxp  sire,  dralnacj'' .  jnd 
VPfjctnTton  cover.    S<?<5r»'^n.il  hoot  inrul  .ind      H  moi'itur^-  drter- 
mlr<-  y(!-,r-l  i-y"-;.ir  f  luolutiti  :ro;  in  ttii-  [t'f;'.h    i  '.he  .lo'.ivr-  l.iy'jr. 
Mea:surt!:itenlii  on  iiti^ep  ilopei  (with  h.caiity  -  t  ri' ■  V'jqtjt.iti  n) 
suggest  that  permafrost  lici  vrtthln  I  t.      tho  iuifaco.  noa^iiure- 
mcnts  of  fine  grained  soils  suggest  that  on  gentler  jlopoi  and 
flats  (with  almr>st  complete  vegetation)  the  upper  lln.r  i  (  ;or- 
mafrost  lies  within  1  m  of  the  surface,   (t  Is  probable  that  the 
active  layer  has  thickened  somewhat  during  the  last  cer.tury 
because  calculations  by  Lachenbruch  et  a!.  .221  suggest  that 
the  moan  annual  ground  surface  I'-nteratur-'  njs  rijcn  >  n  :ho 
order  ol  2°C  in  that  period.  Under  open  standing  and  running 
water,  tha  actlva  toyar  la  aomowhat  thlekar. 

tella 

Soil  groups  of  the  Ogotoruk  Creek  Valley  that  have  been  cteSSl- 
flod  [23]  fit  the  framework  provided  for  the  Alaskan  arcUe  soils 
by  Tedrow  and  his  group.  Tedrcw  and  Harries  L24j  note  no 
significant  pedo logical  boundary  between  the  subarctic  itirest 
and  :hc  tundra;  p-jdsollzatlon  processes  characteristic  of  the 
suhjr  til"  forest  become  pros;:o s 51  vcly  weaker  toward  the  north 
with  :  h.inalng  unvlronmenlol  conditions:  moistening  effects  from 
shalli  wor  ihjwlm;  (due  to  low  temperatures,  low  evapntranspi- 
ratl  jri,  durafiged  drainage  patterns,  and  perna(r  :it  (!M!ur*-r;) 
c.nuje  the  most  Impcrtant  changes.   They  point    u'.  lurtliui  t.'^at 
podsollzatlon  has  little  or  no  relation  lo  formation  of  the  wlde- 
spraad  tundra  group  wMoh  is  pioduaad  undar  Impadad  dralnaga, 
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while  areas  of  good  drainage  become  more  and  more  restricted. 

On  the  latter,  the  arctic  brown  soli,  [2S'  whl<-li  Is  tiie  aiCttC 
C4>unterpart  of  the  subarctic  podsol  soli,  l,-;  I  unri . 

Arctic  pedogenesis  Is  related  t^  a  drainage  o-.ena  nnd 
vegetation  Is  rclatod  to  It  l26J.   Briefly,  arc.ic  l:rijwn  soils 
support  upland  vcqctation  types,  whilo  the  wrt  '.undra  and  boq 
soils  sufipiTi  wet  meadiJW  and  typlc-al  buj  vijgetatlon:  In  dry 
An-Hr.    ni!  finds  barren  typiT.  chor  jctorlstlc  jI  the  High  Arctic. 
Currespundtng  soils  and  vegetation  relationships  are  outlined 
tor  th*  Oqoionik  Craak  Valtoy  in  Fig,  1 . 
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Pla*  !•  V«fl*l>tlon  in  ralntfon  to  tdapble  «radlnnls  In  the 
Ogoiorttk  Cra«k  Valtoy,  Atoaka 


CUnate 

Ilia  ettnata  of  Ogalonik  Craak  Vallvy  waa  atucUad  lor  thrao 
yaara*  and  tba  data  ara  at  laiat  Indicative  of  regional  cUnatlc 
eondltlona.  Mr  tanparaturoa  ramatn  eonitsMnttr  abova  fraas- 
ing  dvrtng  only  l«na,  July*  and  Auguat.  altlwugb  dure  ara  many 
warn  days  in  May  and  Saplanibar  tPIg .  2A) .  The  spring  and  fall 
mnaitlena  aia  rapid.  Otalng  April  and  May  in  the  apttng  and 
SiptaaAar  and  Oalabar  in  tha  (all,  dally  tumperanira  tluetua- 
tiona  croaa  tha  fMazlng-thaiMng  boundary  lra«uantly.  tell 
tamparaturas  follow  tha  aaoM  patterns,  but  Iba  axtranaa  ara 
damped;  deeper  aoll  laynra,  aapaclally  balow  10  to  IS  cm, 
respond  much  mora  slowly  and  show  oHwh  lass  variation  dian 
the  upper  layers  (Fig.  2B) .  Even  wld)  the  total  summer's  haat 
accumulation,  soli  temperatures  below  30  cm  are  only  a  few 
degrees  above  fraaslng. 

Precipitation  was  measured  at  about  8  In.  annually,  wliii 
most  occurring  as  summer  rains.  This  is  significant  becausa 
It  means  that  the  soil  Is  relatively  saturated  at  the  time  the 
soil  freezes.  In  fact,  a  sudden  freeze  following  a  heavy  rain 
In  the  tall  o(  I960  resulted  In  the  tundra  surface  being  almost 
compl'  tcly  ated  with  Ice  [27],  The  possible  inaccuracy  of 
those  Fr<  rlr;'.»Uon  measurements  will  be  discussed  below. 

Wind  vitl.  ir  ltius  ntti  high  In  both  duration  and  Sntrn-jUy. 
Winds  obovr  70  km/h.iuT  are  not  uncommon  uspecijlly  du.-lr.g 
the  w'.ntcr.  and  nean  velncltli-o  Ir.  Ibis  r"Ti  d  jth  likely  to  be 
above  Zu  kn/h'iur.   The  IntcnoO  wir-ds  at  ^  ^T^tcruk  Creek  have 
been  atu'lbu'.od  tD  "".he  s'j"nr]  pressjre  qr^dien:  wlUch  normally 
exists  between  the  h;gh  pressure  areas  ever  the  Polar  Icupack 
end  the  strong  low  pressure  cyclones  in  the  Bering  Sea,  and  to 
the  Sact  that  iho  Ogotoruk  Valley  Is  the  first  and  lowest  outlet 

Of  channel  around  the  Do  long  Mountalaa  batwaan  diaaa  araaa 

o£  high  and  low  pressure'  120]. 

Because  of  the  small  a.nuu.-u  ;  1  winti^t  (.re-clidtoti- j.t  and  high 
wind  velocities,  most  tundra  surlac  e  hd.i  .i  sh-illow  snow  cover 
except  In  di  [  Mi  ssions  where  many  im:;  of  snow  Tiay  accumulate. 
Berausff  prevailing  wind  direction  Is  ofJshQre  during  wlnt(?r, 
sn  w,  f  lant  parts,  and  soli  are  blown  onto  the  sea  Ice:  as  a 
result  the  Valley  Is  brown  In  winter  (except  during  or  Im.'nudl- 
atoly  after  a  snowstorm),  and  the  sea  Ice  Is  discolored  (or  some 
distance  offshore.  Large  drifts  of  snow,  which  are  abundant 
In  the  lee  of  iidgaa  OT  In  atraam  bads,  paraiit  wall  into  tha 

summer , 


flora  o(  abtiut  3nu  sp<-clu.'i.   VugeLiUim  ;s  (.rlmarily  lovif  arctic 
in  c  jtnf>ositl  jn .    Light  mj;.  r  vegetati  .  n  "yf  es  arc  doscrib'-d 
from  the  O'^  jtoruk  watershed  based  ;n  sp'Ccles  c:  mposl  tior. 
and  c  -nelrttl  'n  with  physiographic  fcatur*'--.  .- (  the  l,indscape. 
The  most  frequent  vegetation  types  and  their  relationslup  to 
topography,  soil  typa,  and  pnmafroat  ara  atii—iarUfd  ta  Pig.  I. 

Dryas  mat  types— On  Tiost    f  the  upland  ridges  and  slopes  and 
on  the  lowe!  ridges  and  weathered  bedrock  outcrops  within  the 
valley,  the  vegetatlor.  Is  dominated  by  mats  of  Dryas  octo- 
petala .  the  cover  of  whlc.i  varies  greatly  from  place  to  place 
according  to  wind  oxposurr  jr.d  tbi-  extent  o(  winter  snow  c:  ■•  r 
frost  action  and  solifluctlon  locally  raodiiy  the  surface  expres- 
si  n  of  the  typo.    On  steeper  slopes  the  Dryas  mats  are  dis- 
torted ini:  step-  and  strlpe-Uke  patterns.   Scattered  amc  ng  tb- 
Dryas  plants  are  sevo:  i.    i.oor  mat-forming  species  sutrh  a^ 
Oxytropis  nlgreacens  ,  SI  ler.e  acaulis  ■  Saltx  phlehophylla  ,  and 
Arenarla  arctlca  .    1,  iw  matted  shrubs  of  V«ccintuin  uliginosum  , 
V.  vUis-idaea,  ArctristflphylDs  alplna ,  Casslopi.^  (otragona  , 
and  Emi>etrum  nigrum  are  found  in  small  depressions  w.^ere  s.n  ^ 
accumulates.   Carex  mlcrochaeta,  Hierochloe  alplna,  Pedicu- 
laris  lanata ,  and  Luzula  confusa  are  typical  of  another  9irL>up 
of  less  common  plants.  About  30X  of  lh«  valley  Is  oov«r«d  by 
Dfyaa-doadaawd  vagatotlon. 

Sedge-meadow  type— Two  species  ,  Ertophorum  anqustlfo IfUHl 
and  Carex  aqua  tills,  often  form  a  nearly  continuous  cover  on 
poorly  drained  sites  bordering  lakes  end  streams  and  on  gontle 
slopes.  Sphagnum  spp.  and  other  mossas  are  abundant.  Where 
scliflucuon  and  frost  action  have  craalad  saMll  ridgaa  and  hol- 
lows, a  number  of  herbac(K>us  species  and  shrubs  occur  on  tha 
higher  drier  sites,  the  n-.i  re  lojmmon  being  Liauta  confuaa. 
gydaaUne  mlcrortivlla.  Valeriana  oagiiata.  Sailx  oulchra. 
Balte  arctlca.  and  Baftilp  nan^.  loa-wadna  pelygeaa  and  fitoat 


*     a    5    a    i    j     «     a     ■     a  'r-H 


Fig.  2.  Ogotoruk Cnak Valtoy,  (aftarABC,  1»C4 

A,  Avarage  mxtoMun,  atoloniai,  and  awan  ah-  taotpatatura  at 
ISO  cm  halght  for  19S9>1W1.  VarUcal  bar  on  aach  amtHi 
•howa  abaoluw  naxlmtiin  and  mlnlinHm 

t.  Maan  aotl  taaparatnraa  at  12  to  14  atatlona,  19$0-1M1 


Vegetation 

JolUMoa  at  al.  C2tl  atndlad  flora,  vagatoHon.  and  plant  neol- 
ogy of  the  Ogotoruk  Ciaak  Valtoy.  They  report  a  rich  vaaeular 
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■CVS  are  found  In  this  Qrpa.  XIm  — dga-wadow  type  eowara 
about  IM  of  tho  vallfty. 

^■Joa-tiMaogli  tvno— TmaockB  of  BioiilioniM  mm^«mhi»  oeeupy 
•RMMtvo  WMS  «o  liia  gMiUo  ilopes  botniMn  OgotorUk  Craok 
and  fbm  ad}aoant  ildgos.  Th*  tnaaocdt  typo  uaually  ooeuplos 
■ttM  that  art  allghUy  b«(t«r  dralnod  Iton  tfaa  aadga  aiaadowa . 
Bneacoou*  •hrubs  such  a»  Vacdnluia  vltn-tdaoa  and  Ladu« 
dBcmnbetia  and  the  willow,  Sallx  pulchra.  are  ofMn  found  grow- 
ing out  of  tho  tuaiocks.  Other  haibaeaoua  plants  are  scaroa 
axcopt  whora  assodatad  with  mleiDlopoQraphlcal  dlscx>ntlnu- 
Itloa.  Mosa  eovor  Is  high  between  tussocks,  whilo  fruUooao 
Uehono  am  oonnon  on  the  tussocks,  ice-wedge  polygons  and 
feost  MM*  ai«  OMBiaon.  Noarly  40%  o<  tba  volley  arw 
■upperts  ttM  tuaaock  typo. 

Othar  types— Several  other  vogctotl  r-]  f/f  c3  i  ;  nir.or  extent 
occur  In  ;hii  Og:^:r-<r-uy  Creole  V.illry.   Where  draln»gfl  im- 
p«uveci  L'ti         gtrilneii  :iulta  nlu:;y  the  edge  of  the  Vrtll-jy  M  j'j: 
or  on  Ir.terfluvlal  summits  en  the  vtilley  floor.  Carex  blqt:luwll 
dominates  the  voge tatl in .   Whern'  long  Ijstlr.g  snow-heds  oc- 
cupy moderate  slopes,  upland  cxt"n;-l  rs  r,(  sodqo-nojdow 
v»>gctjtii:n  art-  f:iund.   Wh<;rr  sr  w        nuijii-s  jr.d  ruTnalns 
ur.til  liatL-  -Sfjilng  uf  mldsummei,      nuT.bt-T  rit  fut'.tjn-gL'ni-'  j.Js; 
snow-bed  o;  .T.munltlea  occur.  Along  the  CLaa;  l-  the  vicinity 
of  lagoons  and  where  streatn  terraces  are  sometimes  ilooded. 
brackish  marshes  Ir.  whlcrj  Lnophorum  anqusttfoUum  ,  Dcs- 
chflrnpslo  coesptl' .  ArctophUa  fulva  and  Pucclnollla  spp. 
ccmprlse  the  qrccitest  cover .   Riparian  Willi  w  communities 
are  found  along  the  major  drainages.  Talus  slopes,  strands, 
and  tundra  pondi  aupport  a  diln  but  elMfactarlaile  ftota. 

mmnom  Bmots  on  pumt  sooioot  or  im  vaur 

Fcrnafrost  and  Soil  Moisture 

The  western  North  American  AicUc  Is  characterized  by  low 
precipitation  which  for  many  arctic  areas  is  said  to  averago 
loaa  than  10  in.  annually.  Some  botanists  and  geographers 
havo  auOgasted  that  proclpl'otlon  alone  Is  insufficient  to  sup- 
port ttia  vagctatlon  found  on  these  arctic  lond^capos .  Reason 
•uggssts  that  this  can  hardly  be  the  case.   Recent  studies  [29] 
suggest  that  sampling  errors  arc  of  sufficient  magnitude  to  un- 
derestimate precipitation  by  one-half  or  more;  also,  it  has  been 
demonstrated  that  evapotranspiratlon  Is  less  than  precipitation 
In  many  parts  of  the  arctic  [31j.   Nevertheless,  permafrost 
contributes  significantly  to  the  malntcnence  of  high  snii  mois- 
ture by  confining  all  melt  and  rair.  wjtor  to  tho  uppvr  fow  docl- 
meters  In  the  soil.   Melting  of  seasonal  frost  nlso  pr  ;vlrtif% 
water  f  jr  plant  qrcwth.    Perxafrost  cannot  piovide  water  unless 
there  Is  a  prc-grossivo  degradation  of  the  permafrost  table  over 
a  period  of  sovcral  years,  as  Is  somotlmei  tho  case  when  soils 
are  slrlppsed  :(  their  natural  veg«tatlv«;  covsr  by  fire  or  agricul- 
ture [i2~.    In  dr.y  event,  petmnin      m^y  bO  dlOOOUntad  00  O 
sC'Urce  :f  sell  moisture  in  tundrci  eireas. 

The  sedQe-mead jw  and  sedqe-tv-ssocit  vegetation  types  m 
the  Ogot.jru>;  Valley  owe  iholr  existence,  at  least  In  large  part, 
tit  perm  jfrtJiit .   On  the  c-irTe5;xindlng  soil  types,  the  '.undro 
humtc  gley  and, the  tundra  luw  humic  gley.  interntil  dr.ilnciQy 
wculd  Improve  if  permafrost  were  absent;  the  aclls  w.juld  be- 
come at  least  wcalcly  zonal,  and  Carex  hiqelowil  a.".d  its  as- 
sociate:; wti  :  M  p-  hih.y    :     .[  y  t-i  ,r  oin^.    «t  prcsont  these 
tundra  soils  are  always  wet  .nder  veyetatloii.   Where  plan! 
cover  Is  absent  locally,  as  on  frost  scar  surfaces,  soils  may 
dry  out  during  even  brief  ralnlass  periods  during  summer  in 
tho  upper  S  to  10  cm.  but  bolow  those  depths  they  are  alwaya 
aoturotod,  and  a  holo  dug  to  permafrost  wilt  fill  with  watar 
Wlltlln  nUaulos.  Probably  no  other  vegetatton  typo  In  tiio  Ogo- 
toruk  VaUoy  would  undergo  such  a  guatitaltvo  dwngo  should 
panaatost  fomat  to  doopor  lovols  or  dlsappoar. 

Permafrost  and  Trost  Action 

Quantitatively,  the  bulk,  of  Iriat  .ictli'n  prricc-'irics  influencing 
plants  in  the  Ogctoruk  Creeic  Valley  are  those  which  produce 
and  maintain  nonsortod  circles ,  which  because  of  surflclal 


dliiuibmoos  aro  unlanibia  fw  plaM  giowihi  la  all  lussook 
atoas.  far  awamplo,  an  avarags  of  about  ITX  of  tho  total  ground 
surfaoo  la  oowaaad  by  noniortad  olrelos.  Tho  iannadlato  oauaos 
of  vogotaUoni  dlaniptton  In  thaao  foaturoa  are  dun  to  aoaaonal 
iroat  action  raihar  than  pamafreat  par  ao.  Evoratt  [33]  baa 
diseuasod  annual  fonaatlon  of  noodle  loo  in  flno  gralnod.  ban 
soli  surlboas  in  tho  Ogolerak  VaUoy.  Those  naadlea.  wMch 
are  sometimes  up  to  10  to  15  cm  in  length,  lift  and  churn  the 
soil  surface  as  they  form.  Needle  ice  forms  both  in  spring  and 
in  fall,  but  because  o{  the  tendency  of  the  soils  to  be  rather 
wet  in  fall,  its  development  Is  most  pronouncad  than. 

The  growth  of  a  second  kind  of  ice,  sirloin  ice  or  lens  ice. 
dlsplaeoa  aolls  because  of  the  aggregation  of  water  by  suction 
proooBoaa  and  produces  the  characteristic  frost  heaving  of 
nonsortad  elielos  in  the  Ogotoruk  Valley.  The  spaces  occuplad 
by  Ice  lenses  during  winter  do  not  close  when  the  ice  melts; 
these  retain  the  convexity  which  was  originally  produced  by 
the  Ice  segregation.    Lirge  masses  of  Ice  which  accumulate 
during  f'-rxatl  t.  and  gr.  wt.-^  :A  Ice-wedgos  also  displace  con- 
siderable  volumes  ol  soil  and  produi-L'  vegetation  patternfi. 
Concrete  lee,  the  third  type  ;t  ice  described  by  Everett.  In- 
cludes si!  nonpattomod  Ice  types,  is  most  often  found  in  the 
•j.:ii  jndrr  v.^geiated  araas,  and eonsists oMst  slaipiy of 

iroien  pore  water  . 

Frost  action  is  most  Intense  in  aieas  where  sells  are  frost 
susceptible  and  where  soil  moisture  Is  hlg.i  during  spring  and 
fall.    Even  on  sr.ils  which  .ire  only  morgin.illy  fros;  sensitive, 
as  In  Prya upiand-'i,  host  action  ;jc:;:jr;;  mu.st  markedly  in  the 
vicinity  :.!  melting  snow-beds  where  a  more  or  less  c:;nstant 
moisture  source  is  assured.   By  maintaining  high  mioislurc 
levels  In  the  active  layer,  p.erm.ifr  ist  c!nci:urng<--i  r.e.n.'unal 
formation  :  (  needle  and  slrlnln  u:e  .   Ah,u,  because  petmafrosl 
lo;  W'ki:  bedrock  In  re-'ilatlng  deforinatlcn  from  above,  all  active 
layer  dlsp'lacement  due  tu  ice'-len.-;  !..matlon  shews  u-^/  as  sur- 
flclal hi-'.!iv:ng.   In  .-.unmary.  permafrost  Is  not  essential  for 
(rost  action,  but  It  ntay,  indirectly,  influence  its  magnitude 
In  tha  ways  auggostad  abovo. 

Par—ftoat  and  Bollftuction 

In  addition  to  Its  Influanoe  on  QuantliaUve  modlfteatlons  of 
frost  action ,  permabost  othorwiso  advances  habitat  Instability 
and  vegetauon  dlsrupitaa  tn  Hw  Ogoiorak  Vallsy  by  (1)  provld- 
ing  a  slippery.  ImparwnaMa  eiefaca  owar  whieh  aoll  way  aUda 
aJowly  or  catasmpUaally;  (2|  laoanaing  aioaioa;  (a)  proaotUig 
lha  lewMtton  «l  diaw  Ukaa  and  panda  itoaugh  Maaa  aiatilag. 

Johnaon  C34]  dascrlbaa  a  arndflow  fkon  Mia  Ogotoruk  Valley 
whiob  owoi  Its  malntenanoa,  at  toast  in  part«  lo  tha  praaatwa 
of  pamaftast.  In  this  case ,  tha  mudflow  occurs  tn  a  saml- 
diculnr  oonoavlty  averaging  about  I  ■  In  dapth  and  atttamllng 
downalopa  lor  about  50  a  and  aoess  tha  stops  tor  sbeut  30  m. 
lha  saa  of  nud  balow  tha  scarp  of  lha  flew  ts  a  blulsb-gray, 
highly  viscous,  silly  ctoy;  floaUng  on  It  ts  vagvtaUca  which 
has  boan  dataGfaad  from  tba  surfacn  as  tho  scarp  mlgratas  up- 
alopa.  lha  flow  eoours  on  a  vary  gantto  stops  of  only  S*.  Ap- 
parently IMS  flow  did  not  spow  downstopo  tn  a«w  mass  but  Is 
bolao  anlaigod  by  annual  augsMntatlons  from  tba  sosrp  (ace . 
TMs  Is  suggastad  bseausa  parts  of  lha  flew  fsrihasi  down  slope 
ara  completely  covered  by  vegetation,  while  those  parts  of  tho 
fhns  directly  below  the  scarp  are  almost  bare;  also,  dowaatopo 
parts  of  the  flow  have  been  folded,  presumably  by  pressutO 
from  ob-ovc  the  later  flows. 

Permafrost  functions  here  by  providing  a  steep  slippery  sur- 
face. Above  and  below  the  retreating  scarp,  permafrost  la  BKm 
or  less  parallel  with  the  slope;  at  the  scarp  surface,  however, 
it  la  oriented  at  about  37°  with  the  horlzontiil  because  of  melt- 
ing at  the  face  of  the  dark  scarp.  Yearly  increments  of  heat 
are  sufficient  to  melt  only  a  few  decimeters  upslope  from  the 
scarp;  the  soli,  when  saturated,  most  likely  in  lato  summer, 
slides  on  this  steep  surface,  and  the  vegetation  Is  torn  1  jose 
and  slides  with  It,   Cnntrlbutlng  t:)  the  rH-ri  >dl.c  nature  at  this 
flow  is  the  fact  that  the  vegetatU>n  here  la  arranged  In  linear 
rows  of  tussocks  Hue  tc  trost  action.   This  system  shows 
uniquely  the  combined  Influence  oi  frost  action,  patiaaboat, 
and  vegetation  in  promoting  soil  instability. 
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Ic«'-«Mdg«  polfviiu  oBRunlng  on  ftloplng  ground  m*  of  th* 
niMd  eanMr  typ«  Is  dw  Ogotondt  Valley,  lioeauM  tha  active 
layw  over  Iha  Ica^iMdvas  raadwa  to  Uia  top  of  the  wadga  and 
lowors  lU  swrfafla.  WlMlni  Hi}  and  Brltion  ClO]  doacrlba 
die  ralatlonalilp  of  vegataaen  to  Ica-wadga  polygona  la  the 
Barrow  area.  A  iBweiad  Ica-wadda  weulta  In  a  traugli  lapa- 
nUnq  the  high  center*  and  cemtltiMee  a  natural  drainage  ler 
melt  and  rain  water.  Where  straam  bacfccuttlng  enters  a  poly- 
gon field,  erosion  .accelerates  melting  and  accentuates  local 
relief.  The  resultant  lowering  of  the  permafiost  table  within 
the  polygons  causes  a  change  In  the  vugotatlon  type  from  tue- 
BockB  to  vegetation  dominated  by  Catex  bigalowll.  In  axBame 
cases,  erosion  deepens  the  trough  many  (eat.  leaving  the  poly- 
gons ^landing  as  isolated  ci.luinr.s  .  Mass  caving  of  these 
remnants  ihun  results  in  ulimtnoli  :n  of  all  vegetation  and  the 
%Msbing  away  of  the  sttty  soil.  This  aaguanoa  of  events  it 
fairly  oonmon  in  die  OgotorA  Valley. 

Ice-wedge  melting  alMya  quantitatively  ehangaa  tba  vaga- 
lauon  type,  no  matter  what  MUates  the  melting.  Waaaal 
travel,  for  example,  liaa  brokan  the  aurfaoe  vagatatton  over- 
lying Ice-wedges  In  many  parta  of  the  Ogoioruk  Valley,  haa 

prcducod  SC3TS  several  dedmatart  to  several  meters  deep,  and 

the  vi-gi'toil  n  h^s  been  changed  or  eliminated  complalaly. 

The  t  j|e  .  !  p<:rniofrt>5t  In  promoting  S  'UflucUon  on  sloiies  Is 
not  clearly  under st  Kjd.   tarly  w  ir>;nrs  s.ich  aa  Frodin  [36j, 
Sjfronsen  ^37.,  and  later  Han  .tin  [3fl.  bolirvfd  that  permafrost 
one  I urjtjc s  downsliipe  movement  ul  -i jU».   Sl  lifijctton  terraces 
in  Alffikj  shr^w  llt'.lc  evidence  of  movement  alter  they  attain  a 
height  :;ijflii':i.'r.t  t  <  all  w  a  rlM  of  permafrost  within  Che  Mfmea 
itself  .  3<>  j .   S'>lifluclli  n  t<?rraces  were  shown  to  form  in  areas 
freo  l(  i^efmafiost,  ar.d  d.iwnsl.irn-  «;  il  movement  was  atulbutad 
tci  frcst  heaving  and  r-jductli-n  ol  shear  suength  in  s  dls  [40], 
On  the  basis       !hi       anj  :.jr  own  -  baervati  -  na  ,  it  seems 
likely  that  terrace  (i,.rmalit:in  is  benefited  by  p-crmafrnst .  but 
that  as  grcwtli  r.ccurs,  p^imairuit  probably  sl-  wa  m  jvenent  tif 
the  torraco  by  becoming  Inti  rp.  rjted  int  i  It.   Terrace  growth 
then  occurs  by  increment  of  materlrtiri  washed  i;nto  the  surface. 
In  the  Oqcloruk  Valley,  soliflucl!  'n  terrace.-i  j-cur  o.ily  Ir.  areas 
Where  Icing  lasting  snow-be  Js  liu    •'.  moderate  si 

Brltton  [  irjj  has  carefully     cu.Ticnted  the  thaw-take  cycle 
on  the  arctic  coastal  plain  of  Alaska.    Hero  lakes  and  pcmds 
expand  their  marglr\3  by  thawing  Inti:  the  Ir  i^wn  ground  with 
subsecjui'nt  .  r   :|  r  .ind  sjbmergence    I  thu      .re  soli  and 
vegeiatiLin.    H.  pkinj  ,  41  j  has  described  siisUar  prtcesses 
from  the  Sew.ir:J  Pimmsula.   In  the  Ogotoruk  Valley  pond  ex- 
panslcin  occuta  at  Uie  expense  ut  ?<f»dg*^-moadC'W  or  sedge-bog 
vegelatlnn,  but  apiparer.tly  the  kir.r!%    i  ,-yrllr  (  vr-is  described 
by  Britten  do  not  occur  — ;-rjD.ibly  t  r  w  i:-.!   if  suitable 
topography . 

i^vervtt  [.33]  describes  a  minor  landslide  on  a  moderate 
southeast  lacing  »l-ip<;  in  the  Ogi  trTuk  Valley  and  sp-eculates 
from  surftctal  evidence  lh<>t  repeated  sliding  recurs  on  this 
and  other  areas  similar  to  It  at  times  in  spring  when  tho  gravel 
and  turf  are  supersaturated  with  snuw-melt  water.  At  such 
tunas  sliding  occurs  on  a  frozen  base  of  medium  Co  fine  gravel. 
Tha  vegetation  here  Is  on  upland  sedge  meadow.  Scars  of  this 
Mod  probably  require  many  years  to  eradicate. 

In  amaaMry,  slope  moveitent  of  materials  may  in  sfieclal 
oaaas  be  Inianaiflad  by  dta  praaanoe  of  paniaAoat.  aapaefally 
whan  soils  are  satiiraiad  irilh  rain  or  mmit  waisr  or  both  at  a 
lima  whan  tha  pemafrost  laysr  is  at  a  dapOi  ftworabia  fur 
sliding .  Probably,  atoat  of  tha  giaat  awsc-waatlng  process  on 
siopas  dial  gradually  levels  all  rldgaa  baa  mora  to  do  wldi  In- 
tonae  Iroat-rlvlag  in  lhaaa  ellnatoa  CoM|iIad  with  tha  affacta 
of  gravltjrt  than  with  panaaftost. 

Permafrost  and  Soil  Temperature 

Only  the  upper  s  to  10  cm  of  soil  In  tba  Ogoioruk  Valley  are 
aabject  to  shc:rc  term  fluctuations  In  tha  air  temperature.  Be- 
low those  levels  soil  maxima  and  minima  are  rarely  more  Chan 

2  or  3"  apart  for  any  of  the  months  i  f  the  growing  season. 
Moreover,  temperatures  below  20  cm  In  depth  are  usually  less 
Chan  AO'F  during  every  month  of  the  year.  These  low  tempera- 
tures may  be  attributed  partly  to  permafrost,  partly  to  low  aoll 
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Fig.  3.  Seasonal  ebange  to  depth  on  frosen  ground  under  ihraa 
vagatodon  types.  Ogotoruk  Creek  Valley,  Alaska.  1961 


Porosity  and  high  moisture  c  intont,  and  partly  to  the  insulating 
vegetation  c;  vcr .   Nctland  «t  al.  [Ai.  measured  the  retreat  jI 
pi;rmalrost  in  soils  if  three  vegetation  types  d_ri:i'5  thu  iummer 
o)  1960  In  the  Ogi  t  iruk  Valley,  and  compared  baru  ar.d  vcQe- 
tated  areas  witnin  each  type  (rig.  3).  They  fr  ^nd  that  under 
wet  meadow  and  tussock  vegetaUun,  Irnsi  levels  were  nearly 
the  same;  rate  and  depth  of  retreat  during  summer  compared 
favorably  in  the  two  types.  In  a  third  type  which  Is  eootonal 
between  wssoelta  and  inland  altuaUone.  and  eonsaquenUy 
composed  of  ooorsar  soils,  die  frost  Una  rattaatad  deeper  Into 
the  soil  by  tha  aad  of  the  growing  aaaaon.  and  tha  fkoat  Una 
uadar  the  vagatodion  caught  up  wiUi  tha  nattwagaUHd  araaa 
by  that  tlaia ,  prasuotably  baeauaa  of  banar  latainal  dralaaga 
and  lasa  affacttva  inattletim  by  tha  vagatation .  Tha  abtohna 
maaauramenta  compare  favorably  with  work  in  similar  vegeta- 
tion by  others  tl9,  43  .  44.  45]  Who  wan  working  in  die  Alaa- 
kan  Arctic.  Where  panaatost  Ilea  deeper  la  tha  soil,  tempera- 
tures ata  htghsr  at  oonparabia  dapHia— net  only  baeauaa  of  tha 
graator  dlaianea  to  peraiaftoBt.  but  also  baeauaa  of  that  eoai- 
plax  of  soil  eharacttrlaties  which  anoouragaa  tha  mora  rapid 
penetration  of  heat  from  above. 

Panaaftost  and  Plant  Distribution 

More  than  t  ne-half  >  t  the  land  area  within  tbe  Ogotoruk  Valley 
is  covered  by  tursdra  soils  where  permafrost  lies  withtn  1  n  of 
the  surface.  Only  about  one-fifth  of  the  300  vascular  plant 
spaelas  in  the  Valley  are  found  In  these  cold ,  wet  habitats . 
the  other  species  occurring  on  sites  where  permafrost  has  little 
or  no  Influence  In  spaeles  ecology.  There  are  two  parts  to  dda 
problem.  One  iavolvaa  tho  physiological  mechanisms  which 
anaUa  plants  to  Inhabit  tfaaae  permafrost  habitats.  K.d  ihr 
other  ia  eooeamad  with  the  long-range  evoluUonary  history  of 
die  aretie  flora  as  a  Whole. 

A  recant  paper  by  lUsa  [43]  tavlaws  the  physiological 
■aehantama  ariilch  ara  iaHioriant  la  arette  plant  aoology. 
Quoltaig  Dadykbk  [Wi.  ha  netoa  ttiat  aoaia  apaelaa  aeeunulaia 
atsreh ,  eany  en  eall  dlviaien,  and  abaorb  taetar  at  tomparatwea 
at  or  vary  eloaa  to  0*C .  Spaeiaa  auooaaaf ul  In  paiiaafraat  hab- 
Itau  ara  also  eharaetarlaed  by  a  variaiy  ot  aaamial  rapradueUva 
aw^niama  Including  vagetotlva  teprodueiieA  and  aponletie 
naehanlama.  Tlila  ia  Inportont  baeauaa  %»a  have  noted  that 
planu  of  permafroat  haMtata  ara  often  wall  behind  other  spa« 
elaa  In  lhair  tloweriag  periods,  and  In  aoaw  unisvarsbla  aaa- 
sons .  nay  fall  to  flower  al  all.  Censidefably  mora  iaionnaiton 
on  adaptotlonB  of  planta  to  cold,  wet  soila  la  needed  befora 
generalUatlons  can  be  BMde. 

According  to  other  irriters  [48] ,  species  occupying  the 
Eurasiado  arelto  are  composed  of  diploids  that  sent  anciaat 
aietlo-aJpinn  apedaa  aad  polyploids  thai  spiaad  out  ever  die 
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Arctic  during  th*  postglacial  perl:  d . 

Oitf  analyses  of  polyploid  levels  In  the  Ogotoruk  Creek 
flora  show  that  In  qeneral  the  diploids  are  not  associated  with 
permafrost  habitats,  but  that  spoctos  growing  In  those  habitats 
are  likely  t   be  high  pojyjjlolds.  These  spoclcs  probably  orig- 
inated from  ancle.-.t  cllpl-ld  species.  And  they  awe  their  suc- 
cess to  their  ability  to  take  advantage  of  rapidly  expanding 
pannafieai  habliats  divliig  Uw  enttra  Plalatoeene  Epoch. 

AcraowuDOMorrs 

Many  other  scientists  and  field  assls'.  jiii;.  l   :,uil:'j:ed  to  the 
Prtijoct  Chan,  t  botanical  program .   I  jIi         IH;'.  ■.  thank 
Leslie  A.  Vlernck,  Bonlt.3  Nelland.  a     ;  I  nnsi  n,  :;r,d  Horbort 
MelchlLT.   I  rtm  rtl.';;i  qraleful  t;.  K.  a.  Lvtiutt  i  i  the  Institute 
of  Polar  Studies.  Ohio  State  University.  Iir  the  .opportunity  lO 
examine  his  manuscript  on  slope  movement  studies. 
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Coatiact  AT  (04-3-310) . 
DISCUSSION 

R.  E.  BESCHCL,  Queen'*  University.  Kkn^aton,  Ont,— The  con- 
olttMOM  r«g«i«Uiig  Ow  poatitv*  oomteUon  of  •  shallow  wtim 
toyw  In  tlw  aiibamu  trtOi  •  M«ii  numbtr  of  polyploid!  In  dw 
MQCtaiion  art  vny  Ukely  based  on  an  artitoot. 

h  hlgliw  Inddenee  of  polyploidy  among  moDoootyladona  !■ 
well  known.  love  and  love  wrtta:  In  tiis  aobMctle  nd  aictlc 
regions  dia  frequattcy  of  polyploids  Mtehn  MM  tiMa  7CN; 
SO  ID  60X  wlthtn  the  dleotyledons.  and  itp  to  lOOK  within  dw 
monoootyladons.'  In  nvana  temparaia  raglons  Hiay  (lad  "par- 
haps  only  20  lo  90K  [  polyploids  1  wUhln  the  dicotyledons  and 
SO  la  60%  within  the  awnacotylsdons.'  (A.  love,  Doils  Iowa, 
"ilrctle  Polvploldv.*  Proc.  Oanatlca  tec.  Can.  2,  19S7,  pp. 
23-27.) 

Mong  an  anvUonmantal  gradient  itom  dry  to  wet.  the  per- 
oentsgc  of  meneeotyledens  tneteases  as  a  rule.  This  happens 
in  a  oonUmium  from  a  maple  foniat  id  a  sedge  smadow  In  tnm- 
peraM  Nordi  America  as  well  as  In  an  arctic  vagatatloB  gn- 
dlent;  e,g.,  the  hwsimock  oatana  discussed  In  sqr  conirfliutlan 
to  this  confereaiM  shows  (Cram  the  upper,  dry  asiireme  at  1  m 
10  the  lower,  wet  extreme  at  30  m)  the  following  ratios  of  mon- 
OOOt  species  l^i  dtcut  species  for  each  square  meter  of  the 
■ansect:  0,  0.2S,  0.13.  0,  0.20,  0,  0.17,  0.33,  0.14,  0.S7, 
0.29.  0.22,  0.27,  0.42,  0.4D,  u.37,  0.2S,  0.5C,  0.42,  0.50, 
0.64,  O.SO.  0.99,  0.70.  1.09.  0.06.  1.0.  O.SO.  0.7S,  0.62. 


The  frequenry  of  p-iSyt-l  >ldy  rlsea  alor.q  any  qtadlent  along 
which  thtj  IruqULT.cy  of  mm"  .:  lylfj  ns  l:Lcri-' J s  .    This  occurs 
in  tampta-ate  regions  just  as  well  as  in  the  Arctic.  The  corre- 
lation With  permafrost  apiwars  only  fortuitously. 

CIOSOltB 

Dr.  Beschel's  discussion  is  based  on  his  conclusion  that  the 
percentage  of  p<jlyploidy  in  the  fl  jra  of  the  Jgotoruk  Crock 
Valley  hos  been  related  t:i  o  m:  islure  catrna  and  th<it  'hi'  f- 
P  rt      (>  ilypk>ld  species  In  habitats  modllted  by  shallow  per- 
mafios;  layoij  Is  based  .n  an  increase  in  monocotyledoaous 

species  li.  th -sc  environments. 

First,  nowhere  is  it  stated  in  this  paper  that  an  analysis 
t>f  polyploidy  along  o  tnr.isture  catena  has  been  nade.  The 
statement  Is  made  that  i:ne  does  not  oidinrtrlly  find  diploids 
d:::ioclatcd  with  permafrost  environments  and  that  most  of  the 
species  I'jund  In  these  hahlLdts  are  high  fjolypl  :  Ji.  This 
statement  is  true  whether  mMi  considers  -nly  n  :■      lylod  .  n  .us 
plonl-i ,  oinly  :lo    :ylod  i.  'us  ,..J:i.nts  .  or  both. 

Second,  Df .  Bcichol  .issurni's  tha;  the  number  ot  monociJty- 
led'jnous  species  inr-t 'm -ito,  il  ng  the  mi'isture  catena  in  the 
C^g  itoruk  Creek  Valley  similarly  to  the  area  ho  studied  In  the 
High  Arctic.   This  is  inccrroct;  the  greatest  number  r  f  m  uno- 
cotylGdcnous  species  In  the  OgLitoruk  Creek  Valley  grow  in 
intermediate  habitats  regarding  s.ill  moisture. 

Third,  it  should  be  p<itnted  out  that  mMsture  is  only  one 
aspect  of  envli-nmental  change  in  respect  to  shallow  perma- 
frost layers.   Sell  temperatures,  frost  action,  and  soil  texture 
also  cha.-.go,  for  example .   All  of  these  phcncmono  are 
Imiiortant  to  plant  growth  in  pormalrost  habitats. 

Ftaially,  Dr.  Basehel  apparently  thinks  thai  ecology  and 
polyploidy  la  the  arctic  flora  are  unrelsiad  ■  If  polyploidy 
plays  a  lole  In  plant  adaptation.  It  is  raasonsbla  lo  assuaw 
that  It  has  been  Important  during  the  period  of  eUmatic  and 
^ysiographlc  change  during  the  Oua ternary.  If  this  tk  so.  It 
is  not  regarded  us  r  rtuitous  that  one  finds  many  polyploid 
species  growing  in  )  jst  those  habitats  which  show  moat  mar- 
kedly the  effects  of  Quaternary  climate.  I.e.,  those  places  In 
which  shallow  permafr  st,  high  moisture  levels,  and  COld 
tamparaturas  hava  greatly  modified  the  envirvwaant. 


GECXHE/VUSTRY  OF  PERMAFROST:    BARROW,  ALASKA 

JOHN  B.  OWUIVAN,  Allls-Chalmers  Manufacturing  Go. ,  Mllwaukaa,  Wis. 


Iha  major  laetors  causing  variation  In  salt  eootant  of  panoa- 
Host  am  taxtufa,  depth  and  moistura  content  of  the  sadimants. 
and  hlttoiy  of  the  particular  site. 

Iha  Bamwr  area  is  the  northernnost  portion  of  the  recently 
asMigant  coastal  plain  extending  aoess  northern  Alaska .  The 
aiaa  la  uadarlain  by  permafrost  to  a  depth  of  1 300  !t  1 1  L  Sea- 
sonal temperature  fluctuations  are  approximately  20",  8" ,  3" , 
and  2°C  at  10  in.  ,  10.  20.  and  30  ft,  respectively;  below  this 
rone  the  mliUmum  temperature  is  atx>ut  -lO^C  .11.   The  matlne 
sediments  have  been  modified  drastically  by  cryopcdologlc 
processes  and  locally  by  the  formation  of  thaw  lakes. 

Study  of  aerial  photographs  Indicates  that  tittle  of  the  .3:ro-i 
has  been  untouched  by  the  thaw  lake  cycle  [2]  since  emergence. 
To  ovoid  the  ficissihl lity  ol  disturbance,  the  profiles  were  ob- 
tained from  areas  not  visibly  touched  by  lakes.    This,  )!  w.:!? 
hoped.  wo'.,ld  Yield  profiles  differing  hcr.3ii::p  of  :hi'  rn.-i'.nt t.-tl .1 
and  permit  cv.jloauon  of  the  olfect  of  climatic  variations  since 
the  dnveiopmcnt  of  persiafioat.  Ttm  loQattons  of  cliad  piefllas 
are  shown  in  Fig.  1 . 

PROCEDURE 
Sampling  Methods 

Kelaa,  up  10  9  ft  la  dta.  and  20  ft  In  daplh,  ware  diUlad  with 
30 


an  auger.  Ihla  facllltBlnd  two  sampling  methods:  Ui  taulk 
sampling  off  the  raised  auger  flight,  and  (fe)  hand  sampling  in 

the  hole-  The  heterogeneity  in  both  sediment  and  ice  content 

causes  hand  sampling  at  foot  intervals  to  yield  moFe  erratle 
data  than  the  auger  samples.    However,  hand  sampling  has  its 
graataCt  Valua  In  examining  small  increments,  differing  ma- 
terlaia,  and  Ice-soll  structures-   Hand  samples,  unless  for  a 
specific  horizon,  wore  taken  insm  a  6-  to  10-m.  Intaival 
covering  one- third  the  circumference  of  the  hole. 

Sample  Treatment 

Two  approaches  used  were  leaching  of  the  sample  with  a  liter 
of  distilled  water  or  extraction  of  the  soil  solution  rvear  field 
moisture.    If  the  field  moisture  was  near  or  lielo-.v  s.5tuT.i;ian . 
distilled  water  wa."!  added  to  exceed  saturation  belore  the  solu- 
tion was  extracted.    E.xtr.ic  ijor.  near  saturation  was  avoided 
because  negative  adsorption  then  becomes  a  critical  unknown 
(3].   Negative  adsorption  is  caused  by  an  unequal  distribution 
of  ions  within  the  soil  water  as  a  result  of  surface  tension 
Tliorelore.  the  first  Increment  of  solutior  re.TiOvod  is  nore  con- 
centrated than  the  second,  and  so  on.    Thus  a  concentrotion 
value  txi;:nLl  On  rcirti.51  rrTiOval  of  the  sou  water  is  higher  than 
for  total  removal.   The  p«rcent4ge  ol  error  increases  with  de- 
craaalng  sMlstura  and  with  Incraasing  surfaca  araa  of  tha  sail: 
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ng.  1.  LoevtUm  of  Hgurad  prMllea 

the  percenlagp  d<;creflses  wit.l  increasinr;  ct>nrcntr.ittor.  ol  solu- 
nar.    Th..s  error  t:,iri  vxcetcd  30%  , 

Predri'ir.Q  sanplos  v/uh  high  ori^rinic  conterit  irifluerces  the 
crnposltior  o;  the  soil  solution.    Drying  the  organic  mattor 
initiates  its  Joconpositlon  which  contlnjes  djnrjg  subsequent 
rewettlng,  yielding  j  '.i.itK  solution  of  organic  colloids.  This 
effect  IS  most  protwunced  in  the  leached  samples  where  re- 
moval of  tbo  Mlt  lacnioMi  colloid  dltporalon  and  Iwnoo  ttm 
amount. 

AnalyUcal  Methods 

teltnl^  ma  doianiiiMd  lay  oiiolyiia  of  indlvldval  tons  end 
meacurament  of  tba  aohiUon  oonduetBBca.  loole  analysis  was 
oooiploia  for  about  $0  loacdiatas  and  all  iwt  tha  alkallas  on  40 

more.   Since  the  tonic  faolaaca 

tcatlong  -  S  anions 
roBtlena  *  Sanloas 

waa  lass  than  IK  iar  8111  of  thoaa  analysad.  Hm  iwnalnlng  40 
allwllea  trara  ealeulatad  by  diffaranea.  Briefly  tha  madiodi 

used  were: 

Ca  •  My  snd  Ca  by  EDTA  Uli.ition,  Mg  hy  liillerenoa 
Na  and  K  by  !ldni<-  photometry,  I.i  a!i  i.n'.»rnal  Standaid 
SO^,  gravirnotrlCiUy  .is  B.3.SO4  with  B,iCl2 
HCO3,  methyl  oiango  ond  point  with  HjSO^ 
Cl,  by  titration  with  morrujic  nitrate 

Slpadflc  eonductiiiirc.  O.OIN  KCI  as  standard  (l-U2  ^mho.-.  at 
2S*0,  a  call  constant  of  0.3/ cm,  aixl  a  60-cycle  btidga 

Ika  laaehataa,  which  varlad  in  eolor  bacauia  of  oiganie 
colloids,  waia  claaiad  baftara  analyais  hy  haatina  with  30* 
BsOj.  Tha  exidatton  of  tha  oiganle  ooUoids  itdndtioaa  an 
•nor  alaoa  tha  Ubaratad  matal  ions  hava  a  hlghat  eonduetanoa 
Una  iha  oigaiilc  eenplaxas.  For  tha  Caw  light  brown  aeluUons 
chaekad,  tha  Ineraaaa  In  eonduetanoa  was  30  to  60  jnahos.  an 
laoMasa  ef  6  to  13K.  In  high  aalt-low  Mgaido  aaaplaa ,  this 
IneMaaa  is  Inaigalfleant. 

Iha  oeoduetanoa  varaua  ooneantiatlon  nlatloasUp  can  ba 


appcoximated  by  two  liriear  equattona  and  tha  coaffleiants  da* 
terminad  by  the  least- squares  method.  Thoao  taw  aanplaa 
showing  a  large  deviation,  because  Of  high  8O14  to  Cl  ntiOa< 
were  ellmlitated.   The  genera!  equadon  Is 

In  (maq/ liter  =  Z  U,  (C.;)  -  C  (l> 
(or  Cs  ^SOOO  fiinhos.  Z     1 .  2070;    C  =  -6.  3793:    Z 2  data  points 
for  Cs  <S000  fimhoa.  Z  =  1 .0654:    C  =  -S.191B;    78  data  point* 
whttia  C,  is  spaciflc  conductance  in  ^mhos  (per  cm)  at  25'^. 

To  avaluata  tha  normal  reproducibility  of  the  conductance 
meaauramanta ,  laaehataa  and  soil  solutions  were  periodically 
rerun.  Theae  data  are  given  In  Table  t-  Brief ty  stated,  7S%  of 
the  samples  dlffoiad  by  less  than  3%.  Variation  around  the  con* 
ductance  equation  was  also  about  3%.  Reproducibility  was 
poorer  at  Banow  where  the  short  tann,  Indoor,  tsatpontnia 
fluctuations  were  much  greater. 


Table  I.   Check  on  conductance  measurements  Of  solutlona 
(All  data  arc  given  in  paicantaga} 


Enoi  Based 

Ames, 

Ames. 

on  Initial 

Barrow 

Iowa 

Barrow 

Iowa 

iiaadino* 

SaiBolas'* 

temDles^ 

Enor 

Sanfites. 

SBiDBlas 

**t.O 

10 

1.5 

a  az.s 

30 

27 

>  ±5.0 

15 

3.0 

a*2.0 

40 

30 

*  ±4.0 

21 

B.O 

>al.S 

4« 

S4 

>  *3.5 

25 

11.0 

»*1.0 

63 

00 

*  t3.0 

25 

24.0 

*±l,9 

37 

31 

Two  readings  takan  Inm  two  days  to  two  waAs  apart  to  in- 
clude time  dependant  changas:  raadlngs  esleulated  to  thraa 

significant  plaeas 

^Otal  of  06  aaaqdas;  laaxlmum  anor'  -10.6 
*»otal  of  74  tamplaai  naxlauiB  anor  '-6.1 


Expression  of  Data 

To  describe  salinity  variations  within  a  profile  and  areally.  a 
basis  for  sample  comparison  is  needed-    For  a  solution  basis, 
measurement  is  direct  from  conductance  to  mg,  liter  or 
meq/liter.  Though  conversion  to  a  dry  soli  basis  Is  simple  at 
low  salt  contents,  at  high  salt  concuntralions  the  equivalence 
of  meq/Uter  and  meq.'IOOO  g  (or  mg.'Utcr  and  ppm)  is  no 

longer  valid.   Only  at  very  high  salt  concuntralions  (Table  U) 
do  these  errors  approach  the  error  due  to  other  factors.  Oite 
ean  malca  a  coriactlon,  with  sufficiont  accuracy,  by  assuming 
tha  aaaiodanBtty  vaiatlon  as  NaCi  solutions  I*],  rig.  2 
shows  me«i/ liter  veraua  (F),  where  (r)  is  the  error  between 
maq/  liter  and  aie^  lOOC  g  H^O.  The  curve  may  be  approxi- 
matad  by  linear  eguationa  and  tha  ooef fldants  obtained  by 


ng.  2.  Conversion  of  maq/litar  to  nag/ 1000  g  HjO:  NaCl 
solutions 
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least- squares.  The  general  equation  la 

In  Crt  ■  Z  In  (meq /Uteri  *  C  (2) 
for  <7M  mm/  liter,  Z  =  0.63«li  C  -  -3.m» 
ror>700  meq/ liter,  Z  =  1.0672:  C  -  -6.66n 

Tor  (1)  and  (2)  most  o!  the  routine  calc jlatlor,s  are  easily 
handled  by  a  computer.    Fron  the  basic  input?  of  =r>Ujtlor.  con- 
ductance and  moiature  content,  tho  Ov<t,-  iit  T.:iy  ho   M  m -.od  IB 
prjTtic.i !  iy  -3ny  wol^h!       vnlumetric  unif^.    Ir.  this  p^apttr . 
mcn^tiirc  r-.;rii.-:.t  rt-lct  ;  Irj  ,ui  r.oistuie  reirioved  at  i\D  C 
whethtsf  orjginall'/  present  as  ice.  surface-adsorbed  water,  or 
brine.    Realization  that  t.'ie  nolsture  occurs  ir.  various  forns  is 
useful,  even  though  the  proportions  cannot  be  eslitnsted  with- 
out oalortnotiy.  sucfuou  mnt.  ■nd  MUnlty. 


TtM*  II.    Error  in  volunetrlC-WOlght  oqulvalon 

concentrations 


I  at  high  nh 


Cs.  25' C 
mlUimhos 

Meq/ 
liter 

1000  g 
"2" 

* 
Error 

lui'r* 

Ppm 

% 

Cmr 

~  W 

420 

424 

*  1 

24  400 

24  000 

-1.6 

~  60 

1000 

1020 

♦  2 

S8  000 

a  800 

-3.8 

~100 

1900 

1976 

<4 

11«  ooo 

103  000 

■6-4 

Assumed  equivalent  weight  of  SB 

The  unitfi  employed  here  are  meq  '  liter  soil  solution  and 
meq/  Km  q  dr/  soil.    These  may  be  approximately  corvctted  to 
M<;/litpr  (nr  f.r-v)  or  pcrccnLngc  ol  .•lolt  by  multiplying  by  Tifl  or 
0.058,  i,-:,f-i._iivL-Jv  ,    MllUequlvalonts/ 100  g  dry  so.  1  'i.ial- 
ly  meant  when  reiemriQ  to  soil  salinity.  All  iontc  r«uos  ere 
•qutvaloM  ntios- 

DMCU88ION  or  RBSULTS 

falMBle  Treatment 

IngOMfal  the  difference  betwvon  iMChed  and  extracted  sane 
pies  It  no  greater  than  that  between  duplicates .  except  for  the 
orpanic-drylniB  aitactor  the  presence  of  other  soluble  salts. 
Unfortunately  Mny  of  Am  samples,  especially  the  finer  aadl> 
ments  and  some  sands,  contained  gypsum  concretions-  Those 
leached  samples  yielded  anonalously  high  sollntic?  whrn  com- 
pared to  tho  501 1  solutions  of  ocl)nt:ent  samples.    From  the  chlo- 
flde  content  of  the  leachates,  a  corrected  value  for  the  salinity 
was  calculated  on  the  assumption  that  the  cation  10  rhloridc 
ratio  should  be  the  samn  as  '•ca  wolcr.    These  corrected  values 
wore  in  good  dgri>cment  with  the  soil  solution  values.    For  holes 
3  and  9  (Fig.  3)  the  Jifference  between  conected  and  leached 
was  about  5%,  but  for  hole'f  &  the  corr'^rrod  vnlu**  was  20  to 
3(:/,  lcr-.v,?r  than  the  '.e.ich«d  '.mIuc-    Fo:  "I  low  saWnity, 

thiii  car.  easily  become  70  to  90%.   Table  III  shows  a  cooipari- 
$on  betwam  welrMtod  and  loachod  with  and  without  prior 
drying. 


tthu  in 

Comparison  of  sample  treatments 

Mnj  5tUTe 

Organic 

ne^'  I  U 

(•■  q  soil 

Dry 

%  Loss. 

Sou 

Leached 

Leached 

Sample 

BaSiS 

500' C 

Solr.. 

w  drying 

w   0  drying 

35-3 

170 

14.7 

0.!!5 

35-4 

190 

27.7 

0.  85 

7  IC 

1.10 

35-5 

225 

27.8 

0.  90 

0.95 

35-6 

325 

21.  1 

0.90 

2.  JO 

1.05 

3S-7 

180 

10.9 

1  .  65 

l.«0 

3S-8 

130 

7.9 

2.  10 

2.30 

3S-9 

120 

7.9 

3.00 

3.40 

as- 10 

120 

8.6 

4.50 

4.60 

3S-11 

130 

13.9 

9.35 

O.IO 

3S-12 

US 

».t 

n.co 

10.60 

3S-13 

lis 

B.S 

12.00 

35-14 

16S 

5.2 

11.40 

10.90 

Conductance  Equation 

A>  thft  iMobatos  ial«hl  hKV*  •  dtffanM  eonduetsniw  uquailoin       2S10  amq/ 1000  9  HjO.  raspMtivoly 


Fig.  4.  Condueunefcanoontmtion  ralatlon  a  lor  various 
solutions 


than  sail  aoluUens.  thoy  wow  cosipsrod  tv  the  following  mttf 
ed:  Ssvoml  sell  saluUens  weie  nuxad  and  thiee  dlffsiBM  solti- 
Uoas  wsca  prepniad.  They  time  diluted  with  conductance  water 
end  a  series  Of  solutions  was  obtained  for  each .  Conducunce 

was  measured  and  plotted  versus  the  concentration  factor,  tak* 
Ing  the  most  illlute  of  each  sertes  as  unity.   The  lines  (or  the 

soil  solutions,  a  flowing  brine  within  the  p«!rniafrost .  the  Con- 
ductance equation  for  SCO  wntiji  [jL  and  NaCI  solutions  [6] 
are  shown  in  Fig.  4.  This  method  may  be  used  to  compare 
soluuons  since  the  atopes  of  the  dilution  curves  will  very  with 

variations  In  ionic  species- 

The  more  geittle  slope  of  the  conductance  equation  results 
from  lhf>  higher  calcium  and  magnesium  and  Icwer  stxlmra  con- 
tents  of  the  leac.iates.  as  compared  with  sco  water  (ri«t!  Ionic 
Variations  section  preceding  Conclusions).    Calcium  and  maq- 
nesiuir.  have  lesser  n:]uivrt-ent  conductances  than  sodium.  At 
higher  concentrations,  leachates  had  relatively  higher  sulfdio 
contents.    3'.jlfate  has  a  lower  equivalent  condu<-l.ir.L-i.  than 
chloride  and  c^mtribute!!  to  the  reduction  in  slope     The  NaCl 
Curve  ha.s  thfi  steepest  slope,  as  would  be  :'>:f>.:'ct.;d.  These 
conductance  deviations  incTcajC  with  conccntr,ition  and  prob- 
ably account  for  the  dcviati  .:.  t.'.tween  the  brine  and  se.i  water 
Curves.    Why  the  soil  solut,::ii  cur.'es  are  less  steep  at  high 
concentrations  as  compare  i  tr  '.h-?  rondurt.ince  i'qu,iiion  13  un- 
certain but  may  be  due  in  the  oiganu:  colloids  piesenl.  In 
gcr«ral .  tho  nqu.ii.i:r-  1  ■:  .ipplic^ble  to  both  soil  solutions  and 
biir-.e!*.    For  conoucian.-fS  above  40  to  50  millimhos,  OlthCf  a 
third  linear  segment  must  be  calculated  or  the  entire  Ciuve  (It 
to  a  different  equation-  For  higher  conductances  a  lOOO-eycle 
bridge  is  desireUe  slnee  pelsilaetlon  etiors  would  be  reduced. 

Initial  Freezing  of  Sediments 

In  tho  initial  freezing  01  a  sediment  saturated  with  sen  w,-i!i.r. 
the  temperature  of  the  freezing  front  will  vary  with  the  an  ;  uni 
of  water  available  and  rale  at  which  ;t  is  supplii;d  to  the  Itoni, 
the  diffusion  ol  ;ons  oway  from  the  front,  an.d  the  temperature 
gradient.    The  temperature  o:  the  front  governs  brine  ttoncen- 
tratjon  In  equilibrium  ■.vith  th--  n  n  ..nd  therefore  of  the  brine 
left  in  the  soil  as  the  front  movea  past.    Using  the  data  pre- 
sented by  Assur  [7^,  the  brine  concentrations  in  equihbTr.jm 
with  tee  at -2°,  -4",  -6^  and -8°C  are  675.  131S.  1920,  and 
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TtM  le*  ptoM  with  brliw  Inelualon*  i*  usMlly  nlatlvsly 

salt  free.    For  sea  Ice.  one  season  old.  the  «V*ni9«  Mittttty  la 
about  5/  mil.    Measurements  on  2  cores  guv*  •  rang*  Of  'S  tO 
9S  meq/Uter  (7000  to  8600  (imhos).    Old  sea  Ice  is  usually 
dbout  2/ mil.  as  a  result  of  bnne  ml9ration.    Wedge- ice  ranges 
bom  0.2  to  4.2  mcq/liiar  (30  to  500  (tmhos)  [8].  This  low  salt 
contant  •xpldln*  why  tha  containination  in  hola  3S  (Fig.  s)  did 
not  afteet  tha  aoil  saliniu«t.  But  Mlt  oom*nt  of  lea  in  tha  aoil 
structura  could  ba  graaiar  and  mora  varlaMo  «inoa  It  was  in  oon- 
Mct  With  hrlna  during  CrMilng. 

Factors  Affecting  Salinity 

HotcroqcncUy— The  mitial  hetofogeneity  of  sediments  :s  ,i  re- 
sult of  deposition  in  a  neat  shot:'  frivi:onment.    Daring  freezing 
ol  sediment,  variation  in  ice  seyKJtation  also  causod  heteioge- 
r.c?;l>  .  even  within  Otherwise  uniform  matcrioi.    The  upp«t  20  (t 
ol  (:ornafrost  is  locally  contorted  os  a  result  o)  icc-wcl^c 
growth  and  other  -rytit  r-  i-alo<3lc  processes.    Dclnrmation  of 
permafrost  in  compression  is  aided  by  changes  in  brine  volume 
in  response  to  temperature.   As  an  approximation,  the  bnne 
volume  doubles  with  a  temperature  rise  from  -H"  to  -4''C  and 
again  (nm  -4*  lo  -2%. 

Depth— In  general  there  is  an  increase  in  salinity  with  depth. 
The  most  rapid  increase  occurs  m  the  Interval  from  4  to  6  ft 
with  an  increase       j       6  tines  (usually  fto.Ti  4  to  i  2  meq.  100 
g) .    Some  soil  soluljoni  had  -lallnlty  values  of  1  ■  2.  I  ,  and  2 
times  sea  water  at  depths  ^:  7    ; and  17  ft,  respectively- 
Sea  water,  as  used  here,  has  a  concentration  of  607  meq  liter 
(salinity.  34.3  mil).    Flowing  brines  occur  in  the  frozen  sedi- 
ment, but  wore  seldom  encountered  in  the  profiles  studies.  The 
Onr  '.si'l  in  the  dilution-cotvductance  study  had  a  concentration 
Of  220Q  meq/ litar  (salinity.  lIB/mtl).   Using  the  table  given 
by  Attur  [71,  tha  traaslng  point  of  tfio  brtna  ahouM  ba  -'.^'c. 

Texture  -  Text  j.-e  of  the  sediment  inrl  vermes  tha  aallnlty. 
Coarse  sands  ana  sandy  gr«vni«i  usually  contain  1  to  6 
meq/KHi  g  .    Silts  and  san  ly  have  a  tendency  to  level  off 

between  12  and  20  meq  '  lOU  g  with  depth,  whereas  the  finer 
Sllty  clays  have  30  to  40  meq  '100  g  dry  soil.  Using  a  satura- 
tion moisture  basis  instead  of  unit  soil  would  lessen  the 
textural  bias  since  the  saturation  moisture  increases  with  dc- 
crnaslng  particle  size.  These  textural  changes  car  ciuse 
rapi'i  changes  in  the  salinity  profiles.   In  bole  t  {Tn-  1)  and 
hole  27  (rig.  5)  '.hr'Tc  -.s  an  increase  in  clay  with  depth,  and 
in  the  latter  a  cha--.jc  t  i  slit  at  20  ft.  The  profile  of  hole  38 
(Fig.  6)  shrews  th>:'  chan7?s  from  sandy  silt  into  qravetly  sand 
at  :i  ft.  frcni  sa.-iiy  ■Tr.ivc-l  into  sllty  clay  at  14.  j  tt,  and  the 
clay  rr.axirr.^n  at    ti  :t.  The  increase  in  saUnlty  between 

17  a.'.d  2u  '.:  :r.  ho.f  CI  (Fig.  6)  coineMaa  with  Hi*  chanoo 

from  sandy  gravel  to  sllty  sand. 


The  relation  between  m«q/  100  g  and  percentage  of  sample 
less  than  1  and  S  m  m  sice  is  shown  in  Fig.  7.   Other  sixes 
wan  triad  but  the  above  gave  the  toast  scatter.   The  scatter 
is  still  ao  graal  and  Hands  with  depth  so  variable  that  ffonerat 
pradleuva  uaa  la  not  laaaibla. 

Moi sture  contents— lea  waa  ahirays  present  and.  witb  thawing, 
diluted  tha  brine  present  in  the  soil  portion.    Therefore,  the 
maq/Utar  values  are  erraUc  and  reflect  changes  in  ice  con- 
tent mora  than  salinity  of  the  soil.  Reducing  soil  solution 
values  to  maq/Utar  bBMd  on  the  saturation  moistura  of  th* 
soil  would  ba  not*  naltitlc.  That  moat  of  tha  aalt  la  asso* 
elated  with  tha  aoU  aa  tiNaratlUal  brtno  la  riiown  by  tha 
meq /1 00  g  dry  soil  valuaa  which  ana  laas  aHaetad  by 
variations  in  moisture  content* 

Duplicate  hand  camplai  ware  taken  to  aao  tbo  vwtatkm  bo* 
fM«9n  samples  of  diftorant  Ice  content  but  of  atatlar  Mdlnwm. 
Oaa  proflta  (hole  10.  fig.  8}  waa  dupUoaiod  iqp  hand,  aa  won 
tha  aanplaa  in  TaMa  IV.  Tha  loaulta.  «s  •  nilo.  wara  amtie 
and  all  vailatienB  wan  noted,  froia  Incfaaatno  to  daeraasliia 
aoil  aaUmty  with  incroasa  In  molatura.  Sdhi*  of  Ihla  varlatlOB 
can  piobahly  ba  ralatad  lo  dlffartng  talinity  of  tha  lea  in  On 
lea- aoil  atnwtiira,  though  probably  tho  fliwtaat  eausa  la  dif- 
faranea  in  hnaa  wturatlan  of  liw  ioil  phaaa.  ThavaiMllena 
In  melatum  rallact  AHiamieaa  in  bahavior  dwlng  fraoalnv  and 
thanibra  m  farina  oonoaniration.  and  laay  atao  affaet  lator  brlna 
drainage.  Conaaquantly.  to  dtanetarlza  •  pie&la  It  la  naooa- 
saiy  to  hava  prefUa-alao  aainplaa,  aa  Aom  tha  augar. 

Tahia  nr.  Oonpaflaon  of  dtiplleata  aamploa.  dlfiMlng  fulBarUy 
In  ■mislura  content 


Depth 

meg 

meg 

meg .' 

meg 

Sample 

Moi  sture 

liter 

100  a 

Moisture 

100  ^ 

8910 

lO.S 

38.  5 

370 

14.3 

120.0 

ISO 

14.  S 

47.  7* 

m* 

14.0 

2B.  1 

390 

11. 0 

74.0 

09 

«.4 

39. 1* 

S8I4 

14.5 

30.  3 

355 

10.8 

93.  3 

S4 

5.0 

SHI  28 

11. S 

200.  0 

142 

28.  4 

910.0 

43 

39.  2 

SHI  38 

8.5 

62.2 

112 

7.0 

155.0 

36 

5.5 

SHI  .19 

9.5 

bl  .  6 

230 

14.2 

8S.8 

19S 

16.7 

S7C2 

t  /■ .  4 

17 

I.IS 

IIO.O 

14 

t.SS 

*Mol5tiJl. 


•  X  L-  ,1 1  ■  I  I 


Fig.  7.  8txe  effect  In  soil  salinity 
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lonic-  '.'jrutior  — Th.?  ionic  analyses  used  to  define  tne  conduct- 
aiii -t.*- rr>r.centratlnn  relatlori  .TlIV  ::h:'  ust:*J  to  search  lor  ionic: 
vanaSi^'.r? .    [n  ov-"ilu.5linq        latter,  thf?  ineoretica!  rr.i  1  lit>.-;  ji- 
valonts      ea.7h  inr,  was  coT^i^tei  usinj  tlie  ion  to  chlon-e 
ratio  of  sea  water:  then  this  value  was  subtracted  irom  ihe 
amount  determined  analytically.    The  resultant  value  i  ■■  cilled 
A(e.g.  ,  ACa .  ANa)  ,  a  positive  value  Indlcatmi;  a.-,  fxci's'i. 
An  ti'.ycj^ss  oi  ."ioaum  aril  .sulfate,  which  pt<H  lpilnti>  Irorr.  -.ea 
wator  bnne  .^t  -B'  C.  was  rvol  ob.«erv'»d ,        :ic]r-e  dr.iirirtge  nust 
have  t-:>>Len  f  laci-  aiove  that  tempei.itu[<- . 

Two  definite  variations  were  note  l:         ilxrcss  :i;  calrium 
and  magnesium,  with  calcium  deviations  m  exi-est;  ma.-jncs- 
lum,  and  an  eoulvaietM  deficit  In  sodr.jrn'  Ihi-  magnitude  ol  this 
variation  increa.sHS  witli  increasing  cKlundr  c  oncentration, 
(b)  a  major  increase  in  magnesium,  which  tends  to  approach 
or  exceed  calcium,  and  an  increase  in  sodium  with  an  Increasa 
in  the  -Hijlfate  ion-    Analysis  of  some  of  the  concretions  indi- 
cated thoy  .vpTo  gypscjiT.  contairira  almost  no  magnesium.  Mag- 
nesium  sulfate  is  not  reported  as  precipitating  from  sea  water 
brines,  though  It  might  be  possible  with  these  conceniratlona 
exceeding  sea  water.    Hole  6,  in  which  concretions  are 
common,  and  hole  9  (Fig.  6)  typify  these  variations. 

The  variations  are  best  explained  by  an  Ion  exchange  re- 
action within  the  sol  I- brine  system.   At  high  concentrations, 
sodium  displaces  calcium  and  magnesluin  from  the  complex; 
this  exchange  Increases  with  increasing  sodium  concentra- 
tion (i.e.  ,  Increasing  chloride).  As  gypsum  dissolves  and 
the  calcium  concentration  incraatat.  tho  exchange  is  partially 
reversed  and  sodium  and  magnesium  are  displaced.  The  mag- 
nesium it  apparently  more  readily  displaced  than  the  sodium. 
Though  thaaa  ware  loachatas,  tha  axohanga  raacuons  should 
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also  occur  in  soil  solutions;  iherelore,  this  must  be  kept  In 
flUnd  whm  iitlns  ionic  ratlot  and  InMrprattng  canducunen  data. 

GOHCUiaiONS 

The  salinity  of  th«  parmafrost  results  (rore  the  post- emergent 
freestn^  of  the  marine  sediments.   Freezing  was  rapid  enough 
that  leaching  of  the  Interstitial  sea  woter  was  almOM  wholly 
praventad.  The  lower  salinity  in  the  upp«t  10  to  IS  ft  la  dita 
pitmanly  to  drainava  of  tha  msidual  britte  during  initial  iraas- 
ing,  lator  undar  aaaaoiial  tanparatura  cycling,  and  to  lha 
laaefaint  of  paai  activa  larwt* 

■aaad  en  tiia  aallnity  tela,  lha  acllva  layar  tiucfcnaaa  doai 
not  aeon  to  hava  axcaadad  4  to  6  ft  Inilia  paat.  HoMravar.  in 
ena  aiaa  (holaa  34  and  3$.  Fly.  3)  tiia  aadlataflt  hat  baan 
laadhad  to  a  dapih  of  10  ft.  whlOh  alao  eoinotdas  %rith  lha  top 
of  tnincatod  Ica-wadgat.  bi  thia  aiaa  lha  aalloltir  Incnaaaa 
mn  3  to  12  aa^lOO  g  (2$  to  102  ■aq/llt«)  batwaan  9  and 
12  ft  with  no  ilsnKlcant  chanoo  In  oithor  molatin  contant  or 
toKtura.  awtiai— nt  ealeulailont  batad  on  molstura  and  dan* 
aity  daia  Indlcata  that  «t  tha  ttaaa  of  laatblng  tha  aeUva  layar 
waa  3  to  S  ft  dtfcfc.  Hilt,  In  part,  axplalna  tha  daviatlan 
baiween  thia  and  sbnitar  araaa.  lha  araa  la  oovaiad  In  oioni 
detail  by  Brown  Cel . 
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ORIGIN  AND  SIGNIFICANCE  OF  ORGANIC  TERRAIN  FEATURES 


NORMAN  W.  RAOrORTH,  McMaster  University,  Hamilton,  Ontario 


South  o(  the  permafrost  fringe  organic  terrain,  muskeg,  as  It  is 
known  In  Canada,  often  occurs  In  depths  exceeding  40  ft.  Both 
m  and  beyond  the  influence  of  permafrost  where  It  can  bo  at 
least  6  ft  deep.  It  may  cover  areas  from  several  to  many  hun- 
dreds of  square  miles.  It  is  now  regarded  as  a  major  feature 
of  contemporary  terrain  with  circumpolar  significance. 

Much  work  in  MacFarlane's  bibliography  [1]  and  the  con- 
siderable work  of  this  author  support  the  hypothesis  that 
because  the  constituents  of  organic  terrain  are  primarily  of 
vegetal  origin,  their  preserved  state  (as  peat)  reflects  ordered 
processes.   Basic  to  this  is  the  reasoned  assumption  that  the 
biological  behavior  resulting  in  successional  phenomena, 
arising  as  peat  Is  formed,  is  a  function  of  genetic  potential 
affected  by  climatic,  edaphlc,  biotic,  or  alt  three  Influences. 

Though  aspects  of  this  hypothesis  are  still  under  examina- 
tion, the  proposition  now  enjoys  theory  status  because  the 
large  body  of  evidence  reveals  recurring  characterlsUcs  and 
phenomena  which  have  facilitated  classification  of  organic 
terrain  by  objective  process .   Mlcrofossils ,  as  polospores, 
tissues,  or  cuticles  of  plants  indigenous  to  peat  have  aided 
the  classification  problem  [2,  3,  4].   The  order  manifested  in 
vegetal  cover,  mlcrotopography,  and  structure  of  peat  have 
also  been  studied  [S].   The  association  of  biological  trend 
with  physiographic  influence  began  with  an  examination  of 
subsurface  Ico  phenomena  as  related  to  organic  terrain  [6] 
and  culminated  In  study  of  geomcrphic  pattern  [7]  and  an 
appraisal  of  the  principles  Involved  in  airphoto-interpretation 
of  the  ordered  features  of  organic  terrain. 

Organic  terrain  may  arise  at  any  time.  Its  occurrence  hat 
been  initiated  with  greatest  frequency  on  glaciated  surfaces, 
on  or  off  the  present  permafrost  zone.  In  accounting  for  the 
basic  phenomena  and  features  reflecting  the  nature  and  organi- 
zation of  organic  terrain.  It  seemed  reasonable  to  begin  the 
study  of  lu  origin  and  characteristics  at  places  where  the 
dyrtamlcs  of  the  contemporary  icecap  reveal  the  most  recently 
exposed  surface  of  the  mineral  terrain. 


Fig.  1 .  Cover  formula  T"  consists  of  matted  nonwoody 
organic  terrain  less  than  2  ft  high 
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Fig.  2.  Cover  formula  "EI"  on  plain  consists  of  pred.  ir.;  -  '-! 
woody  growth  less  than  2  ft  high  with  a  mat  of  mosses 


This  proposition  assumes  that  organic  terrain  exists  at  or 
near  the  edge  of  the  icecap.    In  1962,  on  southern  EllesineJ* 
Island,  the  author  was  able  to  identify  organic  terrain  about 
SO  ft  away  from  the  Ice  face .  A  year  later  organic  terrain  V 
found  a  few  feet  from  pack  ice  on  lands  In  the  vicinity  ef 
(EUesmere  I.iland)  where,  at  altitudes  exceeding  1000  ftabo« 
sea  level,  it  also  occurs. 

In  these  areas,  peat  in  depths  exceeding  one  ft  is  rars;  tl" 
depth  Is  usually  three  to  five  in.  Its  occurrence  is  patchy  1^ 
areas  rarely  exceeding  a  square  mile  and  often  sporadic  m 
areas  only  one  to  several  square  feet  in  extent. 

SOME  BIOLOGICAL  OBSERVATIONS 

Although,  as  yet,  no  microfossil  analysis  has  been  made  of 
EUesmere  Island  peat,  information  has  accrued  that  faclllti"' 
comparison  of  this  peat  with  that  associated  with  ponsafros! 
near  Churchill,  Manitoba,  on  which  microfossil  studies  v* 
reported  [2,  8] . 


Recurring  types  of  microfossll  spectra,  pollen  and  spores 
o(  Indigenous  species,  appear  in  the  Churchill  area.  £ach 
corresponds  to  Us  own  type  of  vegetal  cover  as  classified  by 
the  author  in  1953.  Certain  of  these  cover  types  shown  In 
Figs,  1,  2,  3,  4,  and  5  and  known  to  be  characteristic  for 
northern  organic  terrain  cover  [9,  see  map]  recur  widely  on 
Cllesinero  Island  at  Goose  Fjord,  Cksc  Bay,  Alert,  and  Lake 
Hazen,  and  on  Greenland  near  Thule.   It  is  reasonable. to  Infer 
that  these  cover  types  Indicate  contrast  In  composition  of 
spectra  in  the  subtending  peat  found  near  the  Ice  front  as  they 
did  for  peat  further  south  on  the  permafrost.  A  similar  contrast 
is  noted  when  organic  terrain  from  Churchill  (FI  and  £1  cover 
formulas)  is  compared  with  that  from  as  far  south  as  Parry 
Sound  In  the  Georgian  Bay  area  of  Ontario  [  10] . 

Organic  terrain  types  unlvorsi>Uy  differ  consistently  both  In 
area  and  in  depth.   When  the  more  southern  organic  terrain 
was  examined  by  typo  of  microfossll  composition  at  the  bases 
of  the  spectral  axes,  tt  was  predicted  that  FI  and  EI  cover 
would  occur  and  predominate  on  organic  terrain  Just 
originating.  The  author's  Arctic  survey  bears  this  out. 


Fig.  3.  Sequence  of  letters  in  the  formula  Indicate  order  o( 
prominence  of  components.  Cover  formula  "CI"  consists  of  a 
nonwoody,  low  stature  mat  providing  densest  component  and 
the  highest  layer  'F*  with  woody  cover  (see  broad  laws)  a 
lower,  less  dense  component  "E"  and  moss  mat  4  in.  high 
'I"  below  (he  leaves 


Fig.  4.  Cover  formula  "1:H"  consists  of  (he  more  prominent 
woody  low  growth  "C"  with  Uchonaceous  grow(h  "H",  leathery 
and  less  than  4  In .  high 


Fig.  S.  Ridges  consist  of  commonly  coalescing  mounds. 
Cover  formula  is  "EFI";  "E,"  the  woody  most  prominent 
element  is  more  difficult  to  detect  than  "F,"  the  less  common 
nonwoody  component  (less  than  2  ft  high)  and  the  mossy  mat 
"I,"  which  the  others  combine  to  obliterate 


The  author  believes  [7]  (ha(  (he  theory  of  climax  requires 
too  much  qualification  to  warrant  Us  application  for  organic 
terrain.  The  present  work  contributes  support  of  this  despite 
the  relative  youth  of  the  organic  terrain  In  the  far  Arctic. 
Though  climate  above  and  below  contrast  markedly,  vegetal 
succession  for  given  kinds  of  organic  terrain  remains  virtually 
the  same;  there  has  been  no  evolving  to  dominants  In  the 
course  of  time,  and  vastly  differing  climates  are  conducive  to 
the  establishment  of  closely  related  and  enduring  colonizers 
growing  more  than  1500  miles  apart. 

The  work  In  the  far  north  has  also  confirmed  that  the  Initia- 
tion sequence  In  floras  does  not  necessarily  commence  with 
thallophytic  as  the  primary  colonizers  of  naked  mineral  terrain 
to  be  followed  by  nonwoody  plants  and  finally  woody 
supplantors— a  classical  claim.   In  fact,  this  sequence  can 
occur  In  reverse.   In  any  case,  close  to  the  Icecap  on 
recently  uncovered  slightly  eroded  ground,  low  shrubs  and 
woody  higher  plants  are  often  the  first  to  colonize  (Fig .  6) . 

As  the  arctic  organic  terrain  arises,  woody  and  nonwoody 
colonizers  are  well  segregated  and,  when  primary,  they  later 
associate  with  thallophytic  secondary  components  to  produce 
the  two  commonest  cover  types.  FI  (nonwoody)  and  CI  (woody 
by  reason  of  class  £) . 

Observation  leads  one  to  conclude  tentatively  that  the 
nonwoody  Initiators  of  organic  terrain  accommodate  to  high 
water  table,  whereas  the  woody  colonizes  in  highly  variable 
densities  of  water  content  or  in  the  wet  areas  of  low  water 
table  (Figs.  1,  3,  and  8— nonwoody;  Fig.  4— woody).  Non- 
woody and  woody  colonizers  invade  together  and  persist 
together  as  peat  forms  either  where  gravitational  water  fluc- 
tuates widely  on  a  seasonal  pattern  or  where  it  is  constantly 
moving  at  a  rate  appreciable  to  the  eye  (Figs.  3,  8) . 
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Fig.  6.  A  flat  woody  shrub  Is  often  a  primary  colonizer 


Not  only  Is  water  a  significant  (actor  In  the  initiation  o( 
organic  terrain,  it  also  app«ars  to  be  important  in  initial 
segregation  o(  organic  terrain  types  and  in  succession. 

Water  may  also  be  basic  as  a  limiting  factor  to  the  progress 
of  biological  interaction  (e.g. ,  competition  and  formation  of 
plant  associations).   Individuality  of  either  species  or  plant 
form  or  both  would  su«m  to  t)«  independent  of  society  influ- 
ence, if  indeed  the  latter  is  real  at  all.   This  is  especially 
suggestive  in  the  light  of  Independence  In  method  of  coloniza- 
tion, segregation,  biological  attitudes  In  succession,  and 
culmination  of  successional  trends— despite  wide  range  of 


Fig.  7.  Hummocks  and  mounds  show  coalescence  and  poly- 
gonal pattern  In  organic  terrain 
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rig.  8.  A  group  "island"  of  foot-high  hummocks 


temperature,  edaphic,  and  geographic  differences. 
TOPOGRAPHIC  EVALUATION 

In  separate  work  [11,  12],  the  author  has  dealt  with  aerial 
interpretation  of  organic  terrain  by  which  topographic  delinea- 
tion can  be  appreciated  over  large  areas.  In  accounting  for 
origin  of  organic  terrain  the  principles  and  terminology  by 
which  topography  la  characterized  from  the  air  are  adaptable. 
Characteristic  macrotopographlc  and  mlcrotopographlc  features 
presenting  morphological  patterns  useful  In  identification  and 
classification  are  useful  In  assessing  origin.  The  writer  has 
shown  relationship  between  topography  and  features  of  biolog- 
ical organization:  it  has  also  i>oun  claimed  [  II ,  12]  that  there 
is  relationship  between  pattern  and  vegetal  cover  type  and  its 
distribution.  Pattern  relates  also  to  mineral  sublayer,  to 
prevalence  and  kind  of  Ice,  Co  development  of  kind,  amount, 
and  shape  of  organic  mass  (peat),  and  to  behavior  of  the  water 
factor  In  the  course  of  peat  history  [13]. 

The  initiation  of  organic  terrain  in  the  Arctic  is  associated 
with  this  complex.   Micro-  and  megatopographlc  differences 
arise  at  the  onset  of  organic  terrain.  The  topographic  features 
noted  In  the  south  are  all  found  in  proximity  to  the  icecap 
where  It  is  obvious  that  some  of  (hem  arose  because  of 
precursors  reflected  in  the  mineral  terrain . 

Hummocks  (Fig.  8)  abound.   Mounds  are  numerous  either 
as  Isolated  or  coalescing  elements  (Fig.  5).   Ridges  (Figs.  S, 
7,  11)  are  common.   Polygons  (Figs.  2,  7)  also  arise.  Other 
features  occur,  (or  example  sloping  and  vertical  pond  margins 
and  subsurface  and  surflcial  ice  configurations. 

Occurrence  of  hummocks  is  now  accepted  not  only  as  a 
function  of  plant  growth— exemplified  by  sedges,  grasses, 
occasionally  rushes,  and  mosses  sometimes  associating— but 
is  also  related  to  freeze-thaw  phenomena  in  fine  grained  soils. 
In  organic  terrain  hummocks  appear  sporadically  In  groups, 
and,  at  the  season  of  greatest  molt,  arc  on  ground  of  very  low 
bearing  strength.  When  open  water  surrounds  them,  the 
hummocks  appear  as  islands  (Fig.  8). 

On  occasion  the  hummocks  coalesce  at  their  bases 
unilaterally.  Some  evidence  of  this  Is  seen  in  the  watery 
background  In  Figs.  7  and  11 ,  but  most  of  the  linear  features 
in  these  photographs  are  accountable  to  other  development. 
Hummocks,  therefore,  do  not  commonly  associate  to  form 
ridges.  Their  contribution  to  macro  topography  is  significant 
mainly  for  lack  of  effect  (like  the  condition  produced  in  the 
rim  of  the  extrusion  to  the  frozen  lobe  in  Fig.  12,  which  It 
featureless)  or  in  the  wide  bands  or  'braids"  evident  in  the 
valley  shown  in  the  air  photograph  (Fig.  9). 

Coalescence  of  unit  mlcrofeatures  is  best  appreciated  in 
the  stxidy  of  mounds  which  arise  in  relation  to  cover  types 
shown  in  Figs .  2 ,  3 ,  and  S  . 


A  single  low  mound  at  a  young  stage  of  development  Is 
seen  In  the  center  of  Fig.  3.  In  time  these  become  larger  In 
width  and  height,  coalesce,  and  produce  rldgos  of  the  type  in 
rig.  S.  Hummocks  rarely  become  mounds  and  certainly  the 
reverse  apparently  never  applies.  If  there  is  association 
between  hummock  and  mound  It  arises  through  coalescence 
and  mutual  overgrowth  to  produce  effects  typified  at  the  edge 
of  the  watery  background  (Fig.  7),  and  more  typically  In  the 
outer  fringe  of  ridging  in  Fig.  11. 

This  above  description  accounts  only  in  part  for  ridge 
development.  Further  examination  of  Fig.  7  shows  the  forma- 
tion of  polygons  of  about  2  ft  in  dla.  (foreground) .  This 
condition  is  extended  into  the  region  of  flood  in  the  back- 
ground of  the  photograph.  Here  the  boundaries  of  the  polygons 
are  not  always  clear  b«cause  of  flooding,  but  they  persist. 
The  vegetation  in  the  boundaries  covers  shallow  peat  which 
deepens  at  a  greater  rate  in  the  wetter  places  to  form  the  major 
contribution  to  ridging.  This  is  a  coalescing  of  polygon 
boundaries.  Because  some  sides  of  the  boundaries  produce 
ridge  effect  more  actively  than  others  random  ridging  (as 
shown)  arises . 

As  the  ridges  Increase  In  stee  those  in  close  proximity 


rig.  9.  A  "braided"  foundation  of  organic  terrain  scon  from 
about  800  ft.  Hummocks  cannot  be  seen  unless  they  coalesce 
foming  ridges  (lower  right  is  an  evanescent  braid) 


Fig.  10.  Ridges  in  depression  of  organic  terrain  show  begin- 
ning of  a  reticulated  alrformed  pattern,  photographed  at  about 
800  ft 


coalesce.  This  can  only  result  in  modifications  to  (he  original 
distribution  of  water.   Eventually  a  macropattom  of  ridging 
(Fig.  9  -  lower  right;  Fig.  10). 

Attention  is  drawn  to  a  comparison  of  Figs.  2  and  7:  The 
polygons  of  Fig.  7  contribute  to  ridging  whereas  those  of 
Fig.  2  generate  a  continuing  polygonal  pattern.   Polygons  have 
already  been  described  by  the  writer  [6].  Configurations 
known  as  irregular  and  regular  peat  plateaus  [2]  develop  from 
groups  of  these  polygons  when  a  local  drainage  gradient  serves 
the  area .  A  gradient  of  this  nature  is  seen  at  (he  right  and 
foreground  of  the  polygon  group  (Fig.  2)  where  (he  delineating 
boundaries  fade  out. 

In  the  vicinity  of  Lake  Hazen  at  the  foot  of  McGill  Mountain 
in  such  an  area  as  that  shown  in  Fig.  2,  peat  plateaus  were 
developing  and  the  peat  was  about  20  in.  deep.  As  this 
occurs,  peat  formation  deteriorates  due  to  lack  of  sufficient 
water  at  (he  maximum  amplitude  of  depth.  At  these  places  in 
the  plateau  collapse,  subsidence,  and  wind  erosion  occur 
locally;  this  accentuates  the  primary  Irregularity.  Also,  when 
drying  commences,  mounds  at  the  boundary  edges  (see  row  of 
mounds  on  rims  of  polygons  at  the  center  of  Fig.  2)  are  first  to 
be  affected  by  wind  erosion  which  results  in  polygons  with 
reddish  brown  rims  in  which  mounding  has  been  obliterated. 

Fig .  2  clearly  demonstrates  that  the  polygons  on  the  side 
of  the  hill  (background)  are  physically  associated  with  those 
in  the  organic  terrain  In  the  center.  This  is  convincing  evi- 
dence that  the  polygons  do  not  necessarily  have  their  origin 
in  organic  terrain  and  that  the  effects  of  polygons  in  the 
organic  overburden  are  therefore  functions  of  activity  in 
mineral  terrain.  On  the  other  hand,  polygon  boundaries  may 
arise  in  organic  overburden  (Fig.  2).  Also,  the  photograph 
shows  that  boundary  formation  Is  out  of  line  with  the  two  con- 
spicuous series  on  the  hillside.  This  still  does  not  exclude 
the  possibility  of  the  mineral  sublayer  possessing  the  causal 
factor  for  polygon  formation  in  the  organic  overburden.  That 
the  organic  matter  also  contributes  and  may  cause  boundaries 
to  be  initiated  cannot  be  denied.   Therefore,  macropattem  for 
polygons  in  organic  terrain,  like  that  for  ridging,  is  in  part 
inherent . 

Drva 3 -crowned  microfeatures  which  stipple  the  faces  of  the 
polygons  on  mineral  terrain  in  Fig.  2  (background  hillside)  are 
not  perpetuated  in  the  organic  terrain.  This  applies  even  for 
a  given  polygon  in  which  both  mineral  and  organic  terrain 
occur.  This  supports  the  view  that  organic  terrain  has  inheren( 
potential  for  Initiating  and  perpetuating  mlcrotopographic 
structure . 

Aerial  Interprotat'.on  lor  High  Arclic  Organic  Terrain 

In  the  context  of  this  work  it  is  sufficient  (o  indicate  (hat 
established  method  in  aerial  interpretation  [14,  15]  Is  valid 
for  the  high  Arctic.  Explanations  of  phenomena  associated 
with  vegetal  and  topographic  features  offered  in  the  present 
work  should  assist  photolnterprctation  following  Identification, 
and  anticipate  the  needs  of  the  user. 

An  example  of  this  assistance  is  the  explanation  of  the 
origin  of  ridging  in  relation  to  the  alrform  patterns  known  as 
vermiculold  I,  II,  III,  and  as  reticuloid.  The  source  of  the 
ridging  In  the  alrform  configuration  depends  upon  amount  of 
water,  its  dispersal,  its  gradient,  its  seasonal  relations ,  and 
(in  the  high  Arctic)  the  diurnal  effect  on  volume  of  molt  water. 
Behavior  of  the  water  factor  has  been  shown  to  control  the  type 
of  ridging  to  a  significant  degree.  A  proper  study  of  the  alr- 
form patterns  leads  to  understanding  of  which  edaphic  or 
mlcrotopographic  control  in  mineral  sublayers  is  pertinent, 
even  though  these  Influences  are  not  visible  to  (he  airphoto 
Interpreter. 

Of  the  alrform  patterns  characterizing  organic  terrain  when 
it  Is  viewed  from  10,000  to  30,000  ft  [16],  dcrmatoid 
(Figs.  9  and  12)  and  reticuloid  (Figs.  9  and  10)  are  now  known 
to  apply  lor  high  Arctic  study.  Terrazzold,  stipploid,  and 
marbloid  are  apparently  lacking.  In  the  author's  opinion 
terrazzold  Is  arising  especially  in  southern  Ellesmere  where 
lichenaccous  cover  is  more  extensive,  but  the  areas  of  inci- 
dence are  so  small  that  they  escape  nodce.  The  same  applies 
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for  marblold  which  at  lower  altitudes  Is  often  seen  to  have 
polygold  [12]  as  a  constituent.   Sttpplold,  of  course,  exists 
only  when  trees  or  aggregates  of  shrubs  are  present  as 
components  of  cxjver— a  oondltion  not  obtaining  for  the  high 
Arctic . 


ICE  IN  ARCTIC  ORGANIC  TERRAIN 

The  author's  expression,  'climafrost,"  [2]  was  used  to  define 
a  perennial  condition  of  frozen  ground,  which  on  the  one  hand 
was  not  porioancnt  and  which  by  definition  and  inference  was 
not  seasonal  as  Is  active  frost.  Frost  pertains  In  this  Instance 
to  temperature,  not  Ice;  the  latter  is  from  ttme-to-tlme  an 
effect  of  subzero  ("O  ground  temperature. 

It  is  the  ice  effect  that  Is  usually  significant  in  organic 
terrain  studies  because  gravitational,  capillary,  or  hygro- 
scopic water,  separately  or  in  oomblnation,  must  bo 
considered  where  organic  terrain  exists. 

In  the  organic  terrain  of  the  high  Arctic,  ice  (as  derived 
from  active  frost,  climafrost,  and  permafrost)  plays  a  signifi- 
cant role.  Where  mountains  or  high  hills  are  present,  as  they 
are  on  Ellesmere  Island,  the  snows  under  24 -hour  sunlight 
soon  disappear  in  summer,  and  the  water  from  that  source 
rapidly  reaches  the  lakes  or  sea.  Because  precipitation  Is  not 
excessive  in  the  growing  period,  the  significant  excess  water 
comes  from  residual  snow  drifts  and  icecap  country.  Where 
permanent  ponding  Is  lacking  this  summer- long  supply  servos 
the  low  lying  areas,  continuously  moistens  the  terrain  in  many 
areas,  and  facilitates  the  formation  of  organic  terrain.  This 
source  of  water  Is  marltedly  augmented  by  differencial  thawing 
of  either  the  ice  of  active  frost  or,  to  a  lesser  extent,  of 
climafrost.  Hence,  high  Arctic  organic  terrain  depends  largely 
on  either  surface  or  subsurface  ice  for  Its  initiation  and 
development. 


Fig.  11 .  Ridges  forming  at  edge  of  open  water  in  organic 
terrain 


Fig.  12.  Oermatold  alriorm  pattern  at  edge  of  a  frozen  lake 
(see  dark  patbh  off  the  end  of  the  flnger-Uke  lobe  of  ice) 


Depth  to  ice  In  late  summer  In  the  mineral  sublayer  has  not 
been  studied  intensively;  but  It  Is  known  that  beneath  poly- 
gons overlain  with  the  deepest  peat  depth  to  ice  is  least. 
Where  hummocks  occur,  depth  is  greatest;  where  there  are 
drainage  gradients  the  depths  are  Iniercnedlate .  Therefore, 
depth  from  the  surface  of  the  ground  to  the  top  of  permafrost 
ice  in  summer  behaves  differentially;  the  geoovorphology  of  th« 
subsurface  Ice  mass  Is  In  part  controlled  by  presence,  kind, 
and  depth  of  organic  terrain  above  It. 

To  the  extent  that  organic  terrain  is  present  in  high  Arctic 
landscape,  the  onset,  distribution,  and  development  of 
eroslonal  patterns  will  be  affected.  Partly  because  of  this, 
and  because  it  Is  seldom  that  mlcrotopographlc  structure  on 
mineral  terrain  buried  beneath  the  organic  is  lacking.  It  Is 
unreasonable  to  conclude  that  for  the  south  the  subtending 
mineral  terrain  surface  beneath  the  organic  Is  necessarily  flat, 
concave,  and  featureless. 

Finally,  as  time  advances  and  distance  from  the  ice  face 
increases,  direction  and  amount  of  either  seepage  or  free  flow 
of  surface  and  subsurface  water  will  change  (there  is  evidence 
to  prove  this  on  Ellesmere  Island).   If  this  change  is  consider- 
able. It  is  likely  that  It  will  affect  the  type  of  organic  terrain 
under  formation.   In  these  cases  an  evolution  in  vegetal  suc- 
cession will  take  place.   Examples  In  which  such  change 
arises  would  be  detected  best,  far  from  the  icecap,  where  time 
would  be  sufficient  to  allow  for  the  process  of  change.   It  is 
Significant  that  such  changes  are  recorded  in  certain  micro- 
fossil  spectra  for  the  Fort  Churchill  area  [8].  The  deposit* 
on  Ellesmere  are  probably  too  young  to  reflect  evolution  in 
succession,  but  further  exploration  is  required  to  substantiate 
this. 


DEVELOPMENT  OF  PEAT  STRUCTURE 

The  classification  of  organic  terrain  encompasses  mechanical 
structure  of  peat  reflected  in  botanical  terms.  The  sixteen 
categories  of  structure  [S]  are  not  all  represented  in  the  high 
Arctic.  If  they  were,  one  might  expect  to  find  all  the  airform 
patterns  also  represented. 

Woody  fine  fibrous  peat  occurs  where  peat  plateaus  are 
developing  and  It  Is  here  that  lichens  (Fig.  S)  arise— (Class  H 
in  cover  classification).  Between  the  top  of  the  subsurface 
ice  and  the  lichens  there  Is  usually  enough  water  present  to 
maintain  peat  development,  but  the  drying  effect  that  accom- 
panies local  collapse  seems  to  coincide  with  local  appearance 
of  Class  H  .  This  class,  therefore,  not  only  marks  the  position 
of  topmost  amplitude  of  subsurface  ice  conformation,  it  also 
serves  as  an  indicator  of  this  condition  occurring  in  relatively 
dry  woody  fine  fibrous  p«at. 


To  Am  aoidli,  aa  dw  UtedB  mainland .  ihU  eondltMa  U  aoi* 
wMHiXMd  taA  eovvra  MeMdlngty  Urge  anm— brtag  Jlrat  to 
wmray  a  tuntaM  oondltlen  1141  and  lurdiar  tautt,  a 
iDHblDid  oondltloii.  For  all  aandltiou  (ha  H  factor  In  orgaala 
tamln  la  appaiantly  a  aura  Indax  at  praaanca  of  gaaaoridite 
paaka  in  pamaftoai  lea.  It  dliappaara  naar  tha  icaoap  boot  tn 
Hut  monk  and  at  Iba  aeadiam  Irlnga  e{  pamafteat  in  Iha  aemth. 

AiMqiliQiia^ianvlar  and  nonweody  fina  lOfova  paau  aia 
eoanoaar  in  Hia  higli  Arctic  and  occur  at  dia  adga  of  dia  lee- 
eap  naar  dia  nordMm  ioa  pack  at  aliltndaa  viaaiar  dian  1000  (t 
rroa  ■lid-'  to  lata  iuiaiMr  nanwoody  fina  fitooua  paat  mukn 
dia  poalUona  of  fliadianta  on  aolianttoea  tea  alopaa,  and  dm 
aacrpboua'^nnlBr  paat  occura  abowa  dw  axtraalttei  of  eon- 
eavltiaa  in  dia  ai^Mvfaea  lea  contour,  vniara  a  woody  f ibroua 
oonatlluant  arlaaa,  alapa  of  aubaurfaca  lea  oontour  Intaiialflaa 
in  dia  aanaa  diat  die  tea  aurfaea  draws  naarar  to  tha  grauad 
auriaoa. 

Iha  ralatlaaahip  between  vegetal  cover  type,  (the  Indlealar 
of  paat  aVueture  type) ,  and  subsurface  Ice  oontour  has  yet  to 
ba  axplalned.  Whatovur  tho  explanations,  they  are  essential 
for  an  understanding  of  the  dynamics  of  geomorphology  on  both 
a  long  and  short  term  (seasonal)  basis.  The  study  la  attractive 
too  because  It  tends  iu«U  to  aartal  int«(pratatlon. 
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TURF  HUMMCX:KS  in  the  MESTERS  VIG  district,  northeast  GREENIAND 


HUGH  M.  RAUP.  Harvard  Unlvoraity 

Turf  huitiT-oc  ks  arc  ahundar.t  in  the  Masters  Vlg  district  and 
form  so  conspicuous  a  teasurc  i.-.  tho  Inndscape  that  any  araSy- 
als  of  the  vegetation  requires  thnt  thi-y  be  dealt  wlt.h  c-titit villy 
Crig.  I).   They  are  widespread  and  connon  in  subpolar,  alpine, 
and  mflny  temperate  lands  throughout  tho  world. 

KummockN,  it\gerM!r8l.  are  o!  two  Itinds.    rirf;t,  arc  those 
formed  by  tlie  firoUlerstion  of  single  plant.';  ol  Ca<-':.pnoM- 
species.  usLwIly  of  grasses  and  sedges     Though  widespread 
I n  the     r: r .  1 ,  '.h :  n  'r.  i-yA  I  5  0 spccio  1  ly  wol  I  riovoloperi  ;n  western 
arctic  Ca:.ada  aniAJasfca,  whete  .-.t-diis?,  o!  u  liy  Hopkins  and 
Swafoos  L  :  j  are  defirutlve.   The  second  type  Is  composed  pri- 
tnsr:,/  of  various  species  of  mosses-   These  hummoclts  are 
formed  by  tha  ladtal  proUfaration  of  mosses  from  central  start- 
ing points  to  mora  or  Iom  doma-ahapad  masses.  This  is  by 
tar  tba  most  oomiaen  tirpo  and  la  tha  emly  ona  found  in  tha 
Maatara  Vlg  diaMet. 

OMOOft 

In  a  ooaunoa  fona  el  dio  tixf  huanaoeka  at  Maatara  Vlg  (Flga. 
1,  n,  the  living  pertioa  of  dM  meaaaa  Hornw  a  eap  2.S  to  S  ea 
diiek  on  Aa  top.  it  gradaa  demnwfd  inle  a  layer  of  dark  toewn 
to  black.  not-fUlad  turf  of  wsrylag  ihleliiiaaa  dapending  on 
huauBonk  alaa.  At  Ita  baaa  tha  turf  coauaonly  awrgaa  Into  a 
gnaay .  flua  tatniMd  hnania  layar  wUeh  uaaaUy  la  only  3  te 
3  em  tMek.  iaaaalh  thla  hvoNia,  and  fatming  a  roughly  eooieal 
er  dOM-ahapad  eora  of  dia  huauaodc.  la  a  aiaaa  of  atony  loaai 
alaillar  to  that  underlying  tha  aunounding  aurfaoaa. 


A  common  vascular  flora  lor  a  hum.T.ock  ol  tlUs  kind  shows  a 
rather  dense  cover  In  which  Vaccimax,  li^jlnosjjrr. .  S-jJnt 
arctica ,  and  Carex  Blgelowil  ate  prim.Try  sprar-r..  Sj-condflry 
species  might  be  Casslope  tetragon.')  riryi  Polygonuro  vtvlparum. 
Most  of  the  vascujar  plants  are  .-o-Dted  in  tie  turf,  though  a  few 
roots  of  the  woody  species  are  sonotlmes  round  to  shallow 
depths  from  5  to  IS  cm  in  thi:  mu.oi.il  sail  imracdMloly  Ixini'nth. 
The  single  exception  is  l.-.e  wi.low  tSahx  arctica),  which  almost 
invariably  sends  a  rather  sinple  stnut  root  downward  into  the 
mineral  soil  and  then  laterally,  niai<!  or  Ujss  porallol  la  the 
ground  surface  at  depths  of  S  tc  IS  cryi.    This  root  nay  extet.d 
outward  two  meters  or  more  from  its  point  of  origin,  tar  beyond 
the  llnUta  oi  its  turf  hummock. 

Sttch  liummocks  present  prablama  tor  tha  geomorphologlst  as 
well  as  for  the  student  of  vegetation,  for  they  contain  micro- 
rallef  features  in  the  mineral  lionaena  aa  well  aa  variations  in 
plaM  cover.  Reaoarch  uteratur*  on  Oiem  la  eictenalve,  but 
aeatiamd.  MuA  nf  the  gaologli»l  raaaaroh  la  auHaaiiaad  In 
papera  by  Sharp  [3],  TmU  [3],  and  Wariibwn  [41,  but  no  alnil- 
ler  levlewa  ol  botenloal  UtaratuM  aeem  to  be  ■valleMe. 

GaogMiflwlogiita  have  eoaaMarad  dw  luioinoeka  aa  fnm- 
induoad  "patterned  gieiiad,"  and  Waahbum  [4]  elaaalfled  tiieai 
aa  "noB-aoftad  nata."  A  (aw  botanlata.  aueb  aa  Grtaga  Cs], 
Hanaen  M.  fllgahioa  C7],  and  RlUlaga  and  Moonay  IBl  have 
studied  their  attuctuie  and  devatopnant,  but  moat  otbara  who 
have  netlead  thani  ha«e  treated  then  In  tenia  of  their  aurflclet 
vegetation.  They  have  been  vaitoualy  elaaalfled  aa:  haeth  - 
Coating  (91  DeLaaaeClOl  (inpeitl,  HanaonCCi,  GUggalSli 

43 


Copyrighted  matBrial 


Tig.  1.  Weil- developed,  in«tur«  turf  buamoeki  In  tha  Mastara 
Vlg  district.  NonhM*t  Gr««nland 

MOOr  -  B6ch«r  [11],  Suindoraion  [12]:  narth  (drier  phase)  - 
by  Polunln  [13]. 

Thoaa  who  have  expressed  oplnlona  on  tha  ralstlon  of  hitsf 
mocka  to  depth  and  duration  of  snow  covar  (BSehar  Cll .  141* 
and  Poltmin  [  13])  have  rasavdad  tiiam  aa  anow  patch  vagata* 
tfon. 

Thoaa  who  havo  attaaiptad  to  ap^y  aueeaaalonal  eonoapta 
m  tha  tundra  have  iiwaflaUy  plaead  wali-davalopad  huauBoeka 
naar  tha  "ellitax,"  utually  ealUna  thair  vagatatlon  a  '*aub»"  or 
"pf»-eUai8x."  Gilg«a  CSJ  thought  that  htMUBOcka  in  tha  Kataial 
raglen  ofjUaaka  Comad  a  "pacmanant  aubellnax"  dating  bom 
ahortly  aflar  tha  dfaappaoraaoa  of  tha  laat  lea. 

Dlaaactlona  and  obaaivatlona  of  a  laiga  nuntaar  of  turf  hun- 
moeka  In  (ha  Moalara  Vig  dlatrtot  laooght  out  tha  fbllowlng 
(acta: 

WalWdaflnad,  gtowlag  huauaoeka  ara  found  only  on  altaa 
abundantly  auppUad  with  gantly  flowing  awCaea  watar  through* 
out  noat  of  (ha  ftoat-ftoa  aaaaen.  Ihoy  nay  ba  oonaion  on 
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rig.  2.  Cross  section  ol  a  mature  humtnocic  developed  on  fine 
laxttmd  toll  and  eontalnlng  an  aarth  eora 
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drlar  altaa.  but  horn  Hwy  aia  alwaya  In  aoma  atata  of 
dlalniagratlon. 

Thay  ara  found  on  any  kind  of  aeil.  tkom  graval  to  elayay 
allt  or  aieny  loam,  and  on  alopaa  of  Inm  1"  to  15* . 

They  may  or  may  not  have  aarth  eoraa.  If  trall-daflnad  ooraa 
ara  present,  the  underlying  ailiianl  aoila  uaually  ara  (ina 
laxturad  onaa— tha  aUta  and  allt  leama.  If  aandy  natarlal  la 
found  In  tha  ooraa,  tto  huauaoeka  containing  than  an  uaually 
altuatad  In  stream  channels  where  flood  water  has  partially 
sutaowrgad  ttiem  and  deposited  sand  during  early  stages  of 
hummock  growth. 

In  tome  areas  underlain  by  fine  textured  soils,  the  earth 
eoros  appear  to  have  predated  development  of  the  hummocks, 
at  least  in  embryo.  These  cores  were  formed  on  the  fronts  of 
small  gellfluction  lobes,  so  that  hummocks  which  later  grew 
over  them  may  show  ridged  or  arcuate  patterns-   The  term 
"geliflucuon"  la  faara  used  to  UMan  aollfluctlon  in  aaaoclatlon 
with  frosen  ground. 

There  Is  marked  aaynuaetry  In  wall- developed  htunraocka, 
oriented  to  the  direction  of  tha  alopa.  Their  upslopa  aidaa  ara 
steepest,  in  places  almost  vaitleal.  whlla  thair  lower  aldaa 
taper  off  mora  gradually. 

Due  to  insulating  properties  of  the  turf,  mineral  soils  in  tha 
Interiors  of  the  hummocks  freeze  later  in  the  autumn  than  those 
In  the  Inter-hummock  areas,  and  remain  Itasan  much  latar  in 

spring  and  early  summer. 

Hummocks  range  in  size  from  small  ones  only  S  to  10  cm 
high  and  broad,  to  large  ones  50  cm  high  and  more  than  a  meter 
broad  at  tho  tvs  so  , 

Basic  rii^uiioncnt:.  o:  slope  and  water  supply  for  hummock 
growth  m  the  Mi'stcrs  Vi ;  Jif.tnct  ,ir»  lound  mainly  In  two  klnda 
of  places.    The  !u.',i  Is  m  t.'v  bio.u  networks  of  shallow  chan- 
nels Of  sheet  ruiio!l  nicii.  on  i.'i<:  tU;  .md  gellfluction  deposits 
on  mountain  (lanks.    The  -second,  ami  most  exii-nslve.  i.".  on 
long  gentlo  s!nF<>s  extcndimj  from  the  shoios  of  Knncj  Osr-.irs 
rjord  up  to  the  boscs  of  neaiky  hills  and  mo.jnt.Tins.    In  both 
cases  sources  of  necessary  moi^t  j:'-  arc  perennial  snowdnfta 
or  meltwater  from  thawing  ground,  primarily  the  former- 
Summer  prtM:i|:it<itlon  IS  insignificant  In  most  years. 

In  mountain- stream  channels,  the  spacing  of  hummocks 
usually  IS  wide,  but  actively  growing  hummocks  on  the  lower 
slopes  are  closely  spaced.    Deteriorating  ones  are  nearly  al- 
ways widely  spaced  and  have  t.^eir  Vrtscular  flora  reduced  to 
a  sirvgle  species,  the  arctic  willow.    In  the  late  stages  of  dis- 
integration they  become  low  piles  ol  iwnjn  and  organic  rubble- 

Because  mosses  form  the  fxasic  component  of  hummock  turf. 
It  may  bo  assumed  that  they  figure  piedominant ly  in  the  miUal 
stages  of  the  turf  accumulation,    further,  because  hurr.rr.ock 
growth  is  closely  associated  with  abundant  surface  water,  it 
may  be  assumed  that  aquatic  mosses  are  highly  siqnificant  to 
the  Incipient  stages  of  hummock  growth,   Ho-.v.?vfr  hunmook.'i 
do  not  begin  to  have  appreciable  volume  or  helijht  until  more 
nesophytic  mosst-s  appear  on  them;  but  before  this  can  hap- 
pt-n  there  must  be  some  kind  of  "eminence,"  or  "mlcroeleva- 
t.oii    jiLovo  the  unifo.'xly  we",  .lurffii  i' .    This  sequence  in 
the  mo.ssos  i.s,  ol  course,  not  new.  lor  suggestions  of  it 
are  found  in  the  works  ol  several  students  such  as  Holtum 
[is:.  Harmsen  [16],  OosUng  [9],  and  Hanson  [6J.   But  the 
origin  of  tha  SBnll  "nloioalawatlona"  haa  baan  gl»an  littlo 
attention. 

In  shallow  channels  of  mountain  streams  the  small  .miciO" 
relief  features  are  likely  to  be  stones  over  which  the  mosses 
grow  as  thick  raps,  or  they  may  start  with  a  small  deposit  of 
sand  or  silt  In  an  eddy.    This  acquires  a  mat  of  mosses  which 
enlarges  and  becomes  impregr^ated  with  more  sand  and  silt  to 
form  the  core  of  a  hummock  that  gradually  grows  to  large  size. 
A  few  species  of  mosses  form  more  or  less  hemispheric  polstera 
which  are  the  initial  stages  of  hummock  growth,  but  they  are 
not  abundant  in  the  region;  thuy  are  more  or  less  restricted  to 
springs,  or  to  extreme  snow- bed  situations  Just  below  snow- 
drifts.   The  upfreezing  of  stones  in  wet,  fine  textured  soils 
takes  place  raplQly  and  frequently.    This  process  first  domes 
the  surface,  and  eventually  the  stones  break  through.   It  Is  a 
valid  source  of  small  microrelief,  and  hummocks  ara  occasion- 
ally found  that  hava  audi  alonaa  projaetlng  into  thair  turf.  Al- 
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raady  mentioned  is  the  dovolopnont  of  hummock s  OV<f  P»' 
existing  microrehef  of  sraai;  qelifiuction  lobes. 

But  when  all  the  turf  humnocks  (of  oncjins  lieolt  wuh  thus 
far)  are  added  together,  only  a  fraction  of  the  total  visible  in 
the  Mesters  Vlg  landscape  are  accounted  for.    On  the  long 
gentle  slopes  bordering  Kor.g  Oscars  Tjord ,  rising  to  altitudes 
of  30  or  40  m,  aro  grost  fu'ld.';  o;  the.Ti  on  surfaces  that  are 
•$t«nUaUy  davoid  of  «ny  «yst«in  of  nucroreUef  that  can  account 
for  th*  oflvta  of  dma*  atgragattont  that  oeeur  or  hav*  ooeuRwl 
th«r*. 

At  the  tMses  of  hills  subtending  these  slopes  are  perenniaJ 
snowdrifts.   Meltwater  from  drifts  Issues  from  them  on  broad 
fronts,  and  flows  out  over  the  relatively  smooth  slopes  in 
sheets.   In  suffimer  it  waters  these  surfaces  to  only  limited 
distances  below  the  drifts,  perhaps  a  hundred  meters  or  ae, 
and  tha  soUa  Iwochm  progimsivaly  drier  downalopa. 


ONBHVMMOCXARU 

One  of  these  situations  is  here  dasenbad  in  aonM  detail  (Fig. 
3).  The  slope  is  underlain  by  a  pebbly  clayey  marine  silt 
which,  toward  the  hills.  Is  mingled  with  sandy  materials  de- 
rived from  saivdstones  that  form  these  hills.   The  silt  Is  wet 
and  mlre-like  during  spring  and  early  summer  thaw.  Its  sur- 
iaca  baoomes  dry  and  brittle  In  raid-  and  lata  auniMr.  It  Is 
formed  Into  nonsorted,  domed  polygons  0.  S  to  l.S  a  In  dlaroe- 
tor,  toparated  by  deep  cracks  and  these  in  turn  are  subdivided 
Into  lassor  polygons.  Near  the  base  of  the  hills  the  sandy  raa- 
torlal  appears  to  have  been  spread  out  over  the  silts  which 
have  been  pushed  up  through  tha  sandy  material  by  frost  action 
to  form  irregular  bare  patches  In  the  sandy  area  which  has,  it- 
self, only  a  thin  vegetation  cover.  Immediately  below  a  snow 
drift  at  the  slope's  top.  about  1 .  S  km  from  the  shore  of  the 
fjord ,  is  a  conspicuous  bright  green  patch  of  vegetation. 

lust  below  the  melting  margin  of  the  drift  is  an  exbeffie 
snow  bed  situation  chaxactarlsed  by  a  crust  of  dead,  blackened 
BMss.  and  a  few  aoattated  Uviiig  ■eaa  polatars,  aoM  of  which 
are  hummock- like  and  have  Sallx  arotice  growing  on  them 


Flfl.  3.  Tnnsaet  of  a  tuif  hunnnck  system  dsvelopad  on  a 
long  gentle  slope  below  a  perennial  snowdrift 


[Fig.  i,  zone  A).  This  ZOM  generally  gives  way  to  a  nearly  con- 
tinuous mat  of  a<|uatlc  mosses  among  which  are  a  few  marsh 
grasses,  sedges,  rushes,  and  cotton  grasses  (Fig.  3  B) .  The 
site  I',  saturated,  with  water  standing  In  small  poo\s  and  seep- 
ing through  it.    In  the  upper  part  of  this  zone  there  is  pfactl- 
cally  rw  microrehef  In  the  surface  of  (he  mos.i  mat.  Toward 
the  lower  part,  however,  there  ^re  low  convexities  In  the  moss 
surface. 

These  low  mounds,  which  loin;  '.vIuto  the  moss  mat  is  5  to 
10  cm  thick,  havf  T.ori»  xosophytir-  mosses  in  them,  and  are 
the  substratum  lo:  scvfrjl  --.[ict-ip?  :;f  vascular  plants  that  are 
common  on  hummock  5;:     S,  1 1  j  x  1  r  r-  * .  r  ,i    Dry  a  5  octopeta  la .  Vaccl~ 
nlum  uliqlnosum  .  Polygot'-utn  v.v;p  -ii  uri    C.iN!:iop<'  totrggona  , 
Saxlfraqa  opposltllollfi ,  firiiu  uidr;  •;  h '  r  u •  i  ■    M  ^rsh  plants  of 
moss  mat  are  also  pre.scrt,  but  the  more  aqu-^tic  of  these,  such 
fi  s  Enophorux  and  Juncus.  begin  to  bo  more  common  In  low 
Areas  txitwcen  mounds.    Water  is  fairly  evenly  spread  In  most 
of  t.nis  zone,  but  toward  the  lower  margin  it  begins  to  be  more 
distinctly  confined  to  fixed  channels  among  the  low  mounds. 

This  mossy  meadow  belo-A'  ihi;  r.rxyM  bed  appears  to  be  a 
crucial  one  In  the  genesis  of  the  turf  hummocks.  Minor  ele- 
vations In  the  mineral  soil  surface  easily  give  use  to  .i  few  of 
the  low  raoss  mounds,  but  there  are  not  nearly  enough  of  them 


to  account  for  -i.  t-.2t  develop.  Whssa  vBscuIaT  plants otxur 
they  t*cone  ct;ritrTs  for  the  accumulation  Of  humus,  and  thus 
rai-ie  low  no u rids     But  other  mounds  seem  to  be  due  merely  to 
irregularities  in  growth  rates  of  the  aquatic  mosses  themselves. 

Downslope  from  this  zone  hummocks  are  progressively  better 
defined  as  separate  units  (Pig.  3  C).  Meltwater  is  rather  firm- 
ly confined  to  channels  between  tha  hummocks,  and  becomes 
dispersed  over  a  progressively  wider  area.   Durirvg  the  spring 
thaw  the  channels  usually  are  full;  but  later  In  the  season  they 
are  only  moist,  for  late  summer  snow  melt  does  not  reach  this 
far  downslope. 

Mosses  In  these  hummocks  begin  to  show  some  mortality 
due  to  summer  desiccation,  and  are  more  easily  eroded  by  the 
now  channeled  meltwater  In  the  ensuing  spring.  Hummocks 
here  begin  to  show  the  asymmetry  oriented  to  slope  that  had 
been  mentioned.   Deterioration  is  progressively  more  evident 
still  farther  downslope.  where  a  gradual  weeding  out  produces 
wider  spacing  among  a  few  degraded  relics.  Presumably  the 
first  to  go  are  those  least  firmly  held  together  by  matted  stems 
and  roots .  rinally ,  on  the  dry  slopes  beyond  the  reach  of  any 
appreciable  summer  molstun.  humnwek  mosses  dtsappaar 
completely  (Fig,  4). 

It  would  be  well  at  thla  point  to  consider  the  thermal  re- 
gimes that  atteitd  these  changes.  It  Is  now  generally  agreed 
that  earth  cores  develop  or  are  accentuated  under  some  turf 
hummocks  as  the  latter  grow  in  slse,  and  that  the  major 
process  involved  is  differential  freezing  and  thawing.  Because 
the  soil  under  the  thicker  layers  of  moss  and  turf  in  the  central 
[  drt  i  of  hummocks  freeses  considerably  later  in  autumn  than 
the  bare  or  thinly  covered  soil  between  hummocks,  and  beceuse 
the  latter  soil  treezos  from  the  surface  downward  in  the  pres' 
enoe  of  a  firm  subsurface  horizon  such  as  permafrost  or  bed- 
rock, lateral  praasurss  are  set  up  which  force  material  uinraid 
in  stiU  unfrosen  areas  under  the  thick  turf  layers. 

In  the  developmental  sequence  here  proposed  for  turf  hum- 
mocks, nothing  could  be  OKpeeted  to  happen  in  the  production 
of  eardi  00ms  until  there  were  pronounced  differentials  in  the 
thlekneaa  of  tho  moss  and  turf,  and  until  flowage  channels  had 
eloarly  daOnad  Ite  hummocks  and  tarakan  tha  oenUnulty  of  the 
Bwaa  aiat.  It  la  aioiillioant  that  no  traoa  of  earth  oons  could 
bo  found  under  amli  hunuaoefcs  10  cm  high  famed  In  this  eray, 
even  over  fine  textured  clayey  silts. 

Presumably  the  process  of  bulging  up  the  earth  cores,  onca 
started,  cnuld  go  on  so  long  as  there  was  enough  moisture  in 
tha  soil  for  BnaaalBg  and  consequent  pressure  effects.  In  this 
lastanca  U  oartalnly  would  be  dacraaslngly  aflaoUva  da«nialai>o< 


Fig.  4.  Later  stages  of  hummock  deterioration 
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but  th«  point  at  which  it  would  cmm  to  function  it  unknown. 
One  effect  of  raising  earth  oorea  U  te  IncfMie  the  height  of 
the  hummocks,  and  thua  to  IncrMM  the  rate  of  desiccation  of 
the  meaaaa.  Injwty  by  fiest  hMvlng  to  the  roots  of  plants 
growing  in  thn  Inlmr-hummock  areas  probably  reaches  its  balght 
In  thla  period  of  growth  in  the  earth  cores. 

Thua  tor,  a  tnnMct  (Fig.  3)  la  descrlbad  hara  as  if  it  sm- 
bodlad  •  proeaaa  of  clwnga-  It  la  awraly  Utfamd  that  tha  aag- 
aaata  of  tha  tnnaact  waro  ttagaa  in  lha  praoaia.  Ihls  ean 
hava  no  Juatlfloatlon  unul  uma  ean  ba  lAMctad  into  hUMMOfc 
davalopmaat,  ao  that  one  does  not  hava  to  mbatltttta  apaea  fbr 
tima  la  tha  aaalyaia. 

A  aataUa  fiaatma  of  tba  dagnding  h— fxilra  la  ndaatlon 
of  thalr  yaacwlar  flB»a  aaaamially  to  a  aiagla  apadaa.  JiUj^ 
atetlcn.  Where  dlatniagiatlDn  of  buauBOcka  la  oamplata.  tha 
only  tWnga  lalt  to  Bunk  tbair  fmac  pnaonca  an  lhawlUoara. 
■ttU  IMBf .  that  foiMrty  grow  oa  than  <ng.  D.  Ihat  thaaa 
wlUowa  had  thalr  oflglB  la  ianair  hummocka  ta  aiiDwn  by  tta 
fact  that  tha  baaaa  of  lhair  alama  ai«  wall  abova  tha  ground 
■uifboa,  ae  that  thalr  roota  ara  eoounonly  aapovad  aa  anieh  aa 
S  te  IS  eai  bafoia  anlailng  Am  ioU.  Pbr  a  tlaia  uppar  poitlona 
of  tha  willow  roota  waro  theugbt  to  bava  baaa  aKpeaad  by  boat 
haavlag.  Dlaaaotlona  of  turf  tauaufioeka  waia  mada  la  eidar  to 
conniaia  growth  fiaraia  of  tiia  roota  abova  ajid  balaw  ground* 
Itoota  In  tha  hummock  turf  warn  found  ro  naaohla  tfaoaa  in  tha 
mlaad  wUlowa  okiaaty .  Though  hoavlar  and  almplar  than  Oia 
atan  ayatama,  tha  roota  tandad  to  ataow  abacp  anglaa  and  erooka 
ta  thalr  growth  dlnotlon.  In  eonbaat.  roota  of  ^yx|sfiS2 
that  an  balow  ground  an  uaually  long  and  ralatlvaly  atrolght. 
Iheaa  haavad  oat  of  tha  toll  by  frost  in  aetlva  atona  nata  ahow 
thla. 


Fig.  S.  Living  willow  (Sallx  arctlca  Pall.)  with  the  upper  part 
of  ita  root  piejaetlag  abova  tha  aurfaea  of  tta  ground 


SIGNIFICANCE  OT  WILLOWS 

Willows  with  raised  stom- bases,  hero  callci.1  "pcfchod"  wil- 
lows, are  oxtromoly  comxon  in  the  Mestcrs  Vig  area-    On  the 
slope  here  do  scribed  they  can  be  picked  up  in  thousands.  In 
the  '.  95H  season,  68  specimens  were  gathered  in  an  area  Of 
perhaps      acres  beginning  in  the  lower  part  of  the  widely 
spaced  deteriorating  hummocks  and  extending  Ovar  tba  dry 
slopes  t)elow  and  on  either  side  of  them. 

Although  willow  growth  Is  exceedingly  slow,  the  annual 
rings  or  zor»es  of  growth  are  easily  seen  under  a  microscope. 
The  annual  increments,  however,  are  commonly  discontinuous 
arour>d  the  central  axis.   To  find  the  age  of  a  root  or  stem, 
therefore.  It  is  necessary  to  select  the  radius  that  has  the 
most  rings  or  parts  of  rings.   The  oldest  willow  collected  in 
thi5  3rc3  Terminated  about  1852.  but  t.';<>  oldest  of  which  we 
have  record  in  the  Mestars  Vig  district  germinated  about  240 
yaaraago. 
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Irregularity  in  tha  amount  of  annual  increment  is  the  rule 
among  thaaa  willows.  Regularity,  even  for  periods  as  short  as 
10  or  is  years,  is  rare.  Inragulanty  usually  takes  one  of  two 
foms.  Scattered  throughout  an  oceaslonal  very  narrow  ringa, 
ooeuntng  singly  or  aoowtlmes  two  togethar.  Iba  next  ting 
foUOHtng  these  vary  ttln  ones  usually  la  aqulMtont  In  thlek- 
naaa  to  tba  ptaoadlng  oaaa.  The  other  ooaHron  Imgulailty  la 
a  naler  auppraaalon  In  growth  rata  that  appaan  auddanly.  with 
a  aailaa  of  Han  iliiga,  followad  by  thlckanlng  of  tho  annual  In- 
cramant  which  any  or  may  not  gat  back  to  ivhat  it  waa  bafon 
tha  auppnaalon. 

Whatovar  lha  eauaa  of  iha  firat  typa  of  irragulanty.  paibapa 
unuaually  ahon  growing  aoaaoaa  aueb  aa  an  known  to  ooeur. 
It  aaaau  to  hava  no  aarloua  of faet  upon  gananl  growth  parftam- 
aaea.  Aippnaalona.  on  itaa  otfiar  band,  aaam  to  eauaa  aafloaa 
daplaHona  In  tha  vigor  of  tba  pJanta.  Tha  auddan  appaannoa 
of  auppnaalena.  and  tha  eoaimonly  alow  nta  at  whteh  tha 
planta  raeovar  from  thom.  argua  for  ttair  balag  due  to  Injury  of 
ioaa  kind.  Soom  injiolaa  an  obirioua,  lor  tha  roota  and  atama 
an  gsawad  by  rodanta,  aomatunaa  imarly  glrdlad.  Laaa  avldant 
lAjurlaa,  thauflh  probably  no  laaa  algmfieaat,  eeuld  ba  eauaad 
by  fioat  haawlBg  of  lha  loota.  Baoaaalva  daaieeatlon  In  uih 
uaually  dry  waiiMmB  might  oanaa  some  injiay,  but  this  is 
deulitad  haoaaaa  than  la  ahraya  a  amall  naldua  of  aMlatwa 
In  even  tha  dilaat  of  aoUa  10  to  IS  cm  deep. 

Tha  ant  ehan  givaa  baaie  data  for  tba  St  apaetmana  eol- 
laetad  In  1>$8  Cn«.  0.  On  tha  left  alda  an  tfia  apaeloMn 
numban.  Ttaia.  la  S^yaar  intafvala,  la  marked  at  tha  lop  of 
tha  ehait.  with  Iba  mom  neant  at  tha  left  and  tha  year  l«W  at 
tha  extnma  fight.  Oppoalla  aaeb  apadman  ntaabar  tha  raetan* 
gular  blaek  apot  Indleataa  tha  ganalnatlon  year,  while  the 
eroaaaa  at  Ungular  Iniaraala  giva  dataa  at  trhlch  auppnaalena 
appearad  In  the  growib  rlnga. 

By  adding  the  number  of  orlglna  In  each  yaar.  and  than  add- 
ing thaaa  lotala  oumulativaly  ftam  right  to  left,  the  aecond 
ehart  waa  produced  (Fig.  7  A).  Han  lha  aame  time  aeale  la 
uaad,  but  at  tha  lofi  la  a  aeale  ahowing  numbara  of  plaata  Um 
aero  at  tha  bottom  to     at  tta  top.  Using  cumulative  tolala  of 
eilgtna,  by  yeava.  polnta  on  tba  euiva  shew  tha  numban  of 
thaaa  wlUowa  that  ware  la  aadatanea  In  any  yaar  alnea  ItCO. 
In  1910,  iar  exaaipla.  about  90  wan  la  placa  and  growing,  but 
la  1000  dian  wan  only  ball  ttat  number. 

Invaalon  of  tfiis  part  of  the  alopa  by  Oalteatctlca  appears  to 
have  been  slow  until  about  1900,  for  It  took  tha  preceding  half 
century  for  IS  of  these  wtllowa  to  bacome  eatabUahad.  The 
curve  shows  that  the  period  of  most  abundant  aatabllahmant 
was  between  1900  and  1930,  but  a  notable  nta  daollne oecHRod 
after  1923.  During  thla  30-year  period  about  CW  «l  the  wil- 
lows appeared.  Nearly  all  wan  than  by  1939.  and  than  wan 
no  mora  origins  after  1941. 

A  third  chart  waa  made  by  adding  tha  number  of  suppressiona 
(or  each  year  and  plotting  them  on  the  time  aeale  aa  simple 
sums,  not  cumulatively  (Fig.  7  B|.  A  total  of  162  suppnsaiona 
was  recorded  for  all  years.  The  chart  Indlcetes  that  aupproa- 
siona  began  as  early  as  1880,  when  there  were  only  five  planta 
to  record  them.  They  were  infrequent,  however  (one  to  three 
par  yaai),  until  the  BUd-1920'8,  even  though  by  that  time 
about  SS  plants  were  available  to  show  them.  In  192S,  when 
over  80%  of  the  plants  were  already  aatobllsbad,  only  about 
21%  of  all  suppressions  recorded  had  ooeuired.  After  the  mid- 
1920's  they  came  with  an  increasing  fraqueney  which  con- 
tinued until  19S8.  Nearly  half,  48%,  were  recorded  after  1941, 
when  the  last  of  tho  willows  become  established. 

Another  way  of  showing  this  Is  to  chart  the  suppressions 
cumulatiV';:  /   arid  compare  the  trends  of  their  curve  with  those 
of  the  populatioii  curve  (Fig.  8).    The  supprosslon  curve  ta- 
mains  low  until  abci..t  19;3,  whfr  thf  rur.'e  of  population  in- 
crease had  nearly  rt-dchod  tho  er.J  o:  it.->  steepest  pitch.  Then 
the  supprcs.slori  curve  Smmju-.s  :hfi  rspid  nse  that  continues  until 
1958.   After  1923  the  cxirji'  a:  popu.ation  inc-iease  begins  to 
fall  off.    It  IS  strongly  sus(j<-c  ti;;!  that  this  p<?rlod  of  notable 
tiraaks  In  curves  war.  cou-.ciJcf.t  with  the  segregation  of  the 
hummocks  into  units  separated  by  bare  channel  areas,  which 
in  turn  made  the  hummocks  more  suitable  habitats  tor  gnawing 
rodenta,  brought  ebout  the  eondlUone  for  dtffaronttal  meatng 
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rig.  6.  Dates  o(  origin  ot  68  living  perched  willows  collected  In  1958  (solid  blocks)  and  dates  of  suppressions 
In  their  growth  rates  (plus  signs) 
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Fig.  7.  Sactlon  A:  Curve  oi  cumulative  population  growth  of 
68  piam*; 

Stotlon     TMal  ntppraationa  by  years 


Tig.  8.  DashcJ  ltua^*.*  or  suppres-.'>io.'"j5  (addad  caiBMilatlvaly)  1* 
compdMd  with  toiid  curve  o(  popul«uon 
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Fig.  9.  Date*  of  origin  (aoUd  blocks)  and  date*  o(  •upprasalons  (plu*  sign*)  o(  31  living  willows  coUacted  in  1960 
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and  Oiawinq  that  produced  the  earth  cores,  and  set  the  i^tage 
lor  frost  damage  to  roots. 

ri(?ld  riol«s  !or  Ihn  colleclior.  arert,  as  lor  rnar.y  others  of 
simi;ar  nature,  carry  the  expressions  "high  rior-.rjlity  rate"  or 
'as  TTtfivy  ciofld  wiUrjwf^  .tr,  hving  ones."    Evid^-r-.co  m  sections 
ol  -.h'.-  I,v:ii  ;  pl.uil'.  .  riUi  jcJ  '.vjih  Ihii  obvious  niortrthly  .■ieun 
on  u-.e  yrouiiij,  siiow-  thut  li  certain  percentage  of  the  willows 
now  fail  to  s-.irvive  the  suppressions  each  time  they  occur,  and 
that  Ihir  populntion  is  losir.g  ground  very  rapidly  indeed. 

Most  of  these  willows,  lucying  by  what  is  known  of  their 
structure .  must  have  gennin^ted  S  to  10  or  IS  cm  above  the 
present  ground  level.  In  the  surface  o(  a  saturated,  mossy, 
slightly  hummocky  meadow.  This  rooadow  must  hav*  •xtaaded 
widely  over  ttue  alope.  Bvidenee  that  the  wIUowb  appoerod 
ao  early,  and  Uvad  through  early  aa  well  aa  later  atagei  of 
tnil  hmaMek  growth  and  disintegration,  la  in,lhelr  forme  and 
giowth  patternt.  If  tfiey  had  getmlnetad  on  the  tope  of  huof 
nneiea  20  to  40  or  eiare  em  high,  their  now  exposed  loota  would 
be  much  longer.  ConaequenUy.  they  must  hovo  baoome  eatab* 
Uahed  when  lh«  hummoefca  won  very  email  or  almoat  nooaxlat- 
ent  la  the  moaa  mate.  The  oonelatlon  between  timing  of  the 
pfObahlo  devaiopawnt  of  hummoc^a  aa  welUdeflned  unite ,  and 
that  of  the  rapid  incxaaae  In  nuaiber  of  auppresaionc.  ii  at 
leaat  pmwapttve  ovidenee. 

This  WMfAoched  by  a  great  deal  of  data.  Thirty-one  mora 
apadmana  of  xoota  and  steins  were  collected  and  sectioned  in 
19M,  tiila  time  from  a  saturated  hummocky  meadow  a  short  dis- 
tanea  below  the  anowdnft  (ngs>  9.  10).  This  area  aimulaied 
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rig.  10.    Section  A:    Curve  of  population  growth; 

SecuonB:    Suppreasions  in  31  wUtowa 
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Fig.  11.  Saetlon  A:  Curvo  of  suppressions  In  Fig.  6; 

Section  B:  The  curve  of  suppressions  In  Fig.  9,  added 
cumnlatlvely 


the  gro^x'ing  conditions  for  willows  th.it  rres..m.3hly  nbt.aireo 
over  a  great  doal  of  the  stope  aU.>uc  tttlu  ur  J'J^iU.    Th^-  crumu- 
Ifltlve  curve  for  .suppies-Hons  in  thr  .  ■  wi.lows.  ■fih.ci;  beuins 
with  1917  ti.'-.d  cijr.Iitiues  up  I:i  t."..:-  frcfcrt,  ie  iijplic.itO'j  in  a 
curve  for  31  ot  the  perched  willows  only  in  a  period  of  equal 
tenoth  ending  in  the  mld-1020*t  (Fig.  11). 

DEVELOPIMCNT  AND  DCCUNK  OF  HUMMOCKS 

The  prlndpel  change  that  saema  to  have  occurred  on  the  slope 
has  been  the  reduction  of  its  water  auppiy  Becdu.'ie  the  mam 
water  source  Is  summer  thaw  from  pereniual  snowdrifts,  these 
drifts  are  presumed  to  have  been  greatly  reduced  during  at 

lea.'il  the;  last  40  years.  A  groat  deal  of  evidence  has  accumu- 
lated for  a  general  amelioration  of  the  climate  around  the  North 
Atlantic  basin  in  the  la^'.  years  ^Koch  i?!-  This  wn-jM  have 
Ihr  otfcrt.  on  the  sltijic  list-ussc:  here,  ;if  prt>qrc5s;vcly  ro- 

ducing  the  .ti^a  o(  the  snowdrifts  available  to  supply  summer 
n^eitwater.  of  eliBUiiating  otherf .  andlngenaml.  of  pRMnoung 

desiccation . 

Turf  hummocks  have  proUibiy  'aevii.ope J  rti.d  Jeterioirite J  nr. 
inferred  from  the  transect,  and  moat  or  all  of  the  sequence  has 
been  'livc<:  :hroor;h'  by  individual  willow  plarts.  Apparently, 
the  whole  sequence  can  bo  cumpletod  In  60  ycors.  and  prob- 
ably In  30  or  40  years.  Some  progression  In  spju:f  ,  oi  'up- 
slope  '  migration  of  wet- meadow .  turf-hummock  systems  prob- 
ably has  occurr'^c  ai,  tho  rmrts  nt  the  snnv/r.rift r  hjvo  retreated. 

The  chroivDioy,  iuijoested        Xh:s  sir.gip  r.i-io       nut  likoly 
to  apply  widely,  exc<>pt  that  nil  or  nos!  ot  the  hunimo.;  «.  r,;:.- 
tems  In  the  Mesters  Vig  district  piobably  luive  developed  •.-.•ith- 
In  the  climatic  amelioration  of  the  last  75  years.   Within  this 
period  any  stage  or  combination  of  stages  could  be  prolonged 
or  shortened  by  variations  In  slope,  insolation,  water  supply, 
or  the  nature  of  the  soils.   Hummocks  developed  on  other  kinds 
Of  temlnwlM  ahow  diHerem  aeguence*.  Shift*  in  drainage 
patteraa  daw  to  vaitoua  maaa  waattng  phenomena  are  firequent 
end  eometlawa  vlolaM  In  thla  dlattlot.  Suidt  a  ahlft  can  alop 
the  growth  of  a  hummoek  ayalam  in  midearaar,  or  lelwblUtMa 
one  m  a  lale  atage  of  decay.  Praaumably  a  ganeral  enlaigo- 
ment  of  the  anowdilfta  would  almply  nova  the  ayctema  heeh 
down  tfae  alepea.  expanding  Uiaffl  at  tha  i 

The  Mettera  Vlg  ttvf  hummoefca  loofc  aa  i 
pdmaitly  vogetatleaal  phenomena,  and  their  vagaiatlon  has 
the  appearenee  of  near  stability  that  has  boon  atlrlbuiBd  to 
similar  stnioturas  elaawhaie.  But  their  natural  history  shows 
them  to  bo  only  ttanslont  and  perlahablo  things.  Their  moso' 
phytic  mosses  have  a  flash  of  success  for  a  time,  and  actually 
account  for  most  of  the  hummock  voIusm;  but  they  have  to  do 
this  Qidekly  b«fore  the  eroslonal  and  thermal  machinery,  that 
they  pmduce  by  their  dense  growth,  their  insulating  properties, 
end  by  the  channeling  of  water,  Isolates  them  and  raises  them 
too  high  in  the  air.  Desiccation  then  begins  to  Inlure  them, 
fliafclng  their  erosion  easier  and  faster.  The  humsiock  s  are  m 
part  bulMl  by,  end  eventually  wholly  destroyed  by,  physical 
praoesses  which  they  themselves  by  their  presence  help  to  set 
in  motion.  The  seeds  of  their  destruction  arc  present  from  the 
early  growth  stages  for  once  the  Channeling  and  erosion  start, 
given  the  overweerUng  Influence  of  the  MtlWtlng  water  supply, 
there  can  be  but  one  endlnq. 

Tho  whtilp  ci>nplev  <j(  int.-ractlng  processes,  from  lji"-;i:.rimg 
o:  '.lie  ■.umraocks    rjri3  its  ccurs-?  in  time 
.  v/ithin  tho  lifr?  ;p,nn5  o'  tho  lo-.ger  livod 
RuibiTUMl  •;ijrf-p  ^r:ir'r-.  in  the  *: '..nmocks  , 
Ii.-iyment.n  y  .iiid  or  no  i:on.';eL]uer.L*s  , 
Mo.si  Dt  the  vnscijl,ir  plants  coricerned  a.'e  iiv.-/r  :rom  that 
cuncua  ard  Surprisingly  large  group  of  arcf.c  ;p>?cic5  that 
se^'rr  to  t)r  moro  or  loss  insensitive  lo  envjrunrTientdl  gradients. 
The  vn.'.c  _lar  plants  appear  when  the  hummocks  are  quite  small 
ana  saturated.    They  last  as  lonq  as  there  is  any  appreciable 
moisture  at  all  m  the  turf,  but  .n  ir..?  list  stages  of  hunxrirk 
decay,  the  moss  and  turf  are  thoroughly  dry,  and  tliere  remain 
only  the  wiUows.  the  most  tolovsnt  of  all. 
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ARCTIC  SOILS 

I.  C.  p.  TEOROW,  Rutgers  University,  New  Brunswick.  N.  J. 


Conparad  with  other  major  soil  reqioni,  the  development  of 
arctio  soil  concepu  has  had  a  rather  runoua  history.  Most 
reports  of  Investigations  have  come  frun  ir.t^n  whose  main 
interest  has  been  In  fields  other  than  that  of  soil  science. 
This  Is  true  for  the  arctic  soils  oi  Eurasia  as  well  as  far  those 
:.:f  Nnrlh  Amur  I     .    1.1  ler.it.ir»:  from  thcsr  other  lu'lds  h'ls,  how- 
ever, tM-'t/n  at  :JOli^.c!'„-/tllJjt;  impxjr t(3n'::t:  .    Wt;  fiavii  tit.-t;ri  .suIl*  to 

profit  from  the  reports  of  geologists,  particularly  from  studies 
:>t  permdiri'sc,  puti  -med  Qiound,  and  physical  and  chemical 

weathering  [1 ,  I.  i] . 

Botanists  h.ivc  iTiado  many  iir;.  ;  -t.int  contributions  in  tiiu 
fitild  of  ocoloqy  [A,  i].    tnginoori  have  produced  valuable 
Utformation  in  lliu  rtrcrfa  oj  psiiticle  itiie,  moisture  levels,  and 
freeze-thaw  phenomena  [b,  7].  But  the  euiu  tjl  tJie  tircTtlc 
pedoloqic  probler:is— that  Is,  those  probletr-s  dealing  with 
particle  sizes  within  the  genetic  profile,  structure,  Ion 
exch.=inge,  pH  ,  foniiosulon  of  the  soil  solution:  organic  matter 
comi-'calticn ,  levcU  of  mineral  wenthc:ring  within  tne  [jrolik- 
and  attendant  parameters  of  pedology— have  leccived  comp.irn- 
tlvcly  llttlo  study.    Bccajse  classification  and  survey 
techniqu      in  i    'n.  '      niiics  relating  to  the  pedogc.-.lc 
piocesseii  Inivt,'  in-.tm  neyiccTed,  the  dyria.T.lcs  of  arctic  soli 
Sy.-items  are  under!;tor:<J  only  in  general  terms. 

The  first  aerlous  effort  at  examining  soils  frt>m  -,-5  funda- 
mer.tal  vlewi    Ir::  :^.  '.  u-.il  m  Ihf  w  tV.  .-.  G'.Tiriiny  ll''lU-187S) 
of  Thayer,  Kiausu.  jp-reiigel,  Hanujoldt,  lalJou,  Knop,  a«d 
Brendt.   Shortly  theri^aftcr  Dolcachaov,  in  his  Classtf^pftlon  of 
Sciila ,  vSrlunlly  sp-»rk';d  the  birth  of  a  now  science  — 
peclDlo<jy  "  a  ^  .    In  his  claasiflcalion  scheme  Dor.uchaev  made 
use  ol  tuftdta  as  .1  genetic:  soil  term.   From  1  875  to  iSJS  fol- 
lowers Of  Ookuchaev  crystallized  concepts  o!  soil  farrr.atlon 
and  classification.  Among  these  men,  the  work  of  Sibliu<:<v, 
Glinka,  Gedroiz,  Afanasiev,  Neustruev,  and  Zakharov  was 
brilliant.  In  Germany  during  this  era  Raraann  and  Stremme 
twere  etoo  mlitng  outstanding  oontrtbutlons<  as  were.  In  the 
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United  States,  Htlgard  ar.d  M.irbut.   This  periixi  from  1875  to 
193S  might  well  be  called  the  golden  eta  of  pedology.  But 
Studies  at  Ihla  time  were  concerned  with  the  soils  of  the  tont'- 
perale  and  warm  climates,  and  r  imijlikins  far  the  study  of  the 
soils  ol  the  Arctic  were,  un:or l.;rnit-_  ly ,  ni..!  (avLiable. 

i'fior  to  Do<.iL'.**.20'.'.  Von  Middo.miLr:  i  3 j  had  distimuished 
bvtVi'.-on  high  .and  low  tundra;  high  t,ndrj  was  said  to  have 
relatively  dry  mini.r.il  soils,  ond  low  iundr.i  to  have  bog  or 
r:n-.r;ih-typ"'  vr-yetiiln  n  .    CJtJief  invf  .-vTig^ilorii  subsequeritly 
pointed  out  that  arctic  soils  were  silty,  mildly  acid,  turfy, 
wet;  had  a  degree  id  frost  displacement;  wore  usually  ur.der- 
la:"  by  1 -■■rrr..5lro5: ,  and  wi-rc  found  north  of  the  tree  line.  This 
l  i  jt  ■  n  iT  i.-ti:rislic  introduced  bl.i;.  of  a  high  order,  because 
the  scpaiallun  wds  botanical  and  not  one  based  on  soil 
properues. 

TUNOBA  BOIU 

Much  valuable  Inf-^rmation  c.n  tar.dra  soilr;  .■;:er:is  from  the  WOHl 
of  Sjmgm  '10',  and  PolynLtevn  and  Ivan  jva  [11,!.  wlio 
descrll>ed  the  general  features  of  these  soils.  Dokuchaev's 
riifferenliatlnn  of  Uie  tundra  soils  as  glacial  soils  of  the  arctic 
latitudes  was  later  recognized  by  S;Pirtzcv  as  a  "sprcul  !ypo 
of  zor.al  soils  of  the  t.jndr.i."  Glinka  re(>3rted  that  a  marshy 
type  of  soil  forni.iii m  ;  ri-  ion-.inated  in  the  tundra.  DQliuchaev, 
Sibirtzev,  and  Gil•,^,)  iji,:nerallzed  'Jieir  ide  ts  by  theoretical 
concepts  ar-.d  not  by  phy.iical  researi:;:  In  Ifie  arctic  region  ^12], 

The  views  ct  other  arc'.ic  mvostigaturs  merit  special  recjq- 
r.ltlon.    Sochave  [13]  discussed  the  tundra  si.ilj  ol  •Jie  Anabar 
basin  with  glei  and  p«aly-^lel  characteristics.   I'odzol  forma- 
tion was  detected  on  the  sands  and  subsaads  but  not  on  tho 
glei  soils.  The  Idea  of  relating  tundra  soils  to  those  of  the 
steppes  was  ridiculed. 

Gorodkov  [14]  related  die  sUallarity  of  ttie  soil  of  (he 
iiindre  to  narsbes  and  sod  soils  oi  the  northetn  forest  sane  and 
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x>intod  out  that  the  soils  of  the  two  zones  represent  only  a 
quantitative  change  in  pedoqenic  processes:  he  Indicated  that 
If  a  special  zone  be  assigned  to  the  Arctic  It  should  be  the 
cone  of  the  polar  desert. 

Filatov  [IS]  reported  that  soil  processes  in  the  northern 
areas  seldom  go  beyond  the  stage  o(  soil  primitives,  with 
little  genetic  variety.   He  also  described  "dry,  turf-llchen 
tundra  on  hard  rocks,"  and  the  prosenco  of  podzolic  soils  on 
sands  and  subsands  with  no  podzol  formation  on  the  finer 
textured  soils . 

Kreldd  [  16]  divided  the  tundra  of  northern  USSR  into  arctic, 
northern,  and  southern.  Cryptogloi-  and  glei-structure  soils 
were  reported  in  the  arctic  subzone,  with  cryptoglei  solon- 
chalis  in  the  littoral  belt.   The  northern  zone  Is  comprised 
mainly  of  soils  with  pronounced  frost  displacement.  The 
southern  zone  Is  characterized  by  surface  glcl  and  residual 
glel  podzolized  soils  on  fine  textured  soils  and  of  llluvlal- 
humic  podzolized  soils  on  coarse -textured  material.  Dwarf 
podzols  are  present  along  some  of  the  river  valleys.  Kreida 
pointed  out  the  increase  in  podzoltzation  from  north  to  south 
with  a  lower  percentage  of  cation  saturation  in  the  south.  He 
recognized  a  special  type  of  soil  formation  in  the  tundra  which 
consists  of  the  interaction  of  biochemcial  and  other  leaching 
processes  coupled  with  frost  displacement. 

Svatkov  [17]  reported  that  there  is  justification  for  defining 
a  special  type  of  arctic  soil  formation;  and  on  Wrangel  Island 
be  recognized  arctic  polygonal,  arctic  sod,  arctic  glel,  bog, 
and  mountain  arctic  soils,  with  numerous  subdivisions. 

Although  very  little  work  has  been  done  on  the  soils  of 
arctic  Canada,  some  important  general  observations  have  been 
made  [18,  19,  20]. 

In  recent  years  tundra  soils  have  been  studied  to  a  consid- 
erable depth;  not  only  was  the  active  layer  investigated,  but 
also  the  upper  portion  of  permafrost  zone  [21].  Interesting 
morphological  features  were  revealed,  the  most  important  being 
the  ever-prosont  concentration  of  organic  matter  in  the  upper 
portion  of  the  permafrost. 

Vital  activity  in  tundra  soils  is  limited  in  the  warmer 
regions  to  three  or  four  months  and  in  the  colder  sectors  to  two 
months.  Universal  wetness  in  the  main  tundra  belt  is  well 
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fi9.  1. 
<>asb«d 


Organic  matter 


2  Light  olive-brown  silt 
loam;  g  I  eyed;  acid 


3  Dork-gra/  silt  loam; 
frozen 

4  Orgonic-mineral  material 
with  inclusions  of 
fibrous  organic  matter 

5  Frozen  silts  with  consid- 
erable quantity  of  ground 
ice.   No  organic  matter 
is  present 


Diagram  of  tundra  soil  profile,  northern  Alaska- 
line  approximates  permafrost  table 


Fig.  2.  Dark  areas  in  the  photograph  of  a  tundra  soil  profile 
from  northern  Alaska  are  due  to  concentrated  organic  matter 
(horizon  4  of  Fig.  1) 


knowm  and  can  be  related  to  the  impervious  nature  of  the 
permafrost,  low  temperatures,  natural  precipitation,  and 
possibly,  condensation.   Sllty  soil  textures  predominate,  a 
condition  long  recognized  in  arctic  science.   Soil  texture 
appears  to  be  a  reflection  of  the  grain  size  of  the  rock  [22] . 
Wide  textural  variations,  however,  are  found,  and  they  range 
from  the  heavy  clays  of  the  bentonlte  deposits  (where  clay  may 
be  60  to  80%)  to  the  loamy  sands  associated  with  certain  aeo- 
lian  deposits.  To  date  no  one  has  been  able  to  demonstrate 
textural  differences  within  the  tundra  profiles  that  can  be 
ascribed  to  pcdogenlc  processes,  but  there  is  fragmentary 
evidence  that  silt  is  concentrated  at  the  surface. 

Tundra  soils  are  moderately  acid  near  the  surface,  and  pH 
values  tend  to  increase  with  depth.  Reconnaissance  surveys 
of  Drew  [23]  and  Douglas  [24]  showed  that  extensive  areas 
of  alkaline  tundra  soils  are  present  In  northern  Alaska,  a 
condition  that  probably  relates  to  loess  activity  and  involves 
carbonate  bearing  minerals.  Despite  the  persistent  presence 
of  carbonates  throughout  many  tundra  profiles,  a  fundamental 
acid-glei  process  operates  in  the  soil.  In  the  mildly  acid, 
silty  parent  material,  data  Indicate  that  tho  base  saturation  of 
the  surface  horizon  of  tundra  soils  approximates  25  to  S0%  [25, 
26].  On  silt  soils  and  other  bare  surfaces,  salts  accumulate 
during  the  dry  seasons.  When  a  sample  of  a  white  crust  near 
Umiat,  Alaska,  was  X-rayed,  it  was  found  to  consist  of 
thenardlte,  which  attests  to  the  upward  movement  of  salts. 


If  one  uses  chemlcdl  porAmeters  only,  many  of  the  bare 
mineral  "soils  "  of  the  AfcUe  will  toll  Into  th*  oaiagoryof 
ullne  soils  [  26  J . 

The  origin  of  the  organic  matter  In  tiM  uppar  porttoo  ot  ths 
permafrost  (Figs.  I,  2)  is  oi  special  UiMraat.  Ihit  pWflM- 
mnily  fresm  organic  layar  occur*  in  an  amtle  pattam,  wMi 
tfw  lom  of  coneaDtratioa  QwiaraUy  aoaw  2  to  ft  ln<  dUek  wd 
at  a  dapdt  «f  1ft  to  SO  to.  Mow  Ow  avfaoa  tU.  25,  U], 

Iho  gaiwaia  of  Ala  layor  haa  nek  boan  aatablulMda  b«il 
aoweral  atatoinonu  can  be  made  eonoamlng  ito  eriglai  (1)  It 
U  not  a  raault  of  aaolton  burial.  Ihls  baa  baan  aatabllabad  by 
flold  ovidaaoa  and  by  laboratory  analyaaa  liwolvbiQ  partlela 
ilMS,  beavy  and  light  ainaml  salMa*  and  clay  auaaralogy. 
(3)  Tha  awlarial  la  below  dw  naxlmun  depth  of  ■eaaenat  diaw 
and  Biiiat  be  a  relte  of  a  wannar  aplaoda.  (3)  0-14  datlnv  ol 
five  sanplaa  fraan  nonheni  Alaaka  ylaUad  valuaa  naming  ban 
•ISO  to  10.  NO  years  (Table  A.  M  Analyaaa  of  the  Idenlia- 
kble  plant  remataa.  Including  pollea,  Indieato  that  die  burled 
vegeiatton  appKHtbaatoa  the  plant  oonmunltlea  cwiantly 
gnNring  In  die  ragton  (Table  1)  and  appraKloMtoa  Ae  finding  a 
ofUvkigstone  [27]. 


Table  1.  Carlion  14  dating  of  dncp  organic  concentration  within 
tuniird  soils  (Fig,  1,  horizon  4)  of  Northern  Alaska 


telplaMo.* 

tecaHott 

Dopth 
(in.) 

C-14  Date 

(Years) 

''l  400  B 

Banow 

23-24 

10  600  *  260 

a  iBllae  N.  of  Untot 

4S-4a 

•  ISO  ±  150 

^»11> 

FkanUlaBlHtla 

M-U 

a  000  A  400 

10  mllos  S.  of  Umlat 

16-22 

9  325  +  250 

356 

10  mUes  8.  ot  Umtot 

16-22 

9  130  i  240 

"l.  .in:  di;irrri;-..i:ions  by  Lament  LutKiraloriea 
I  (irt:  d«lcri!iir.LiUtjns  by  Isotopes  Inc. 

C-14  tests  on  sai^.^les  I  400 B  aod  t. 400  C  Made  OR  hOt 

NaOH  Insoluble  residue 

c 

Plant  remains  dctormlncd  by  J.  L.  Cantlon,  M.i^hlgan  Slate 
^University:  vcgL-tallon  similar  to  present,  h;gh  in  Dryj 5 
Pollen  anolysi!3  by  P.  A.  CoUnvaux.  Duke  Univrsity.  Plant 
remoins  ore  Betula,  trtcales,  Cyperceae,  Cramineae,  and 
othera 

There  is  Increasing  evtdenco  Aat  diere  waa  a  perlod(a)  Of 
warmer  climate  in  the  northern  honlapbera .  Recently 
Broecker  [28]  indicated  that  there  was  an  abrupt  warming  in 
Morih  America  some  11,000  yeors  ago,  and  evidence  supports 
dils  general  hypothesis.  Other  studies  (.29,  30,  31.  32]  also 
present  convincing  evidence  of  past  warmer  climates  in  the 
northern  hemisphere .  Sheludlakova  [33]  reports  remncinu  of 
forest  vegetation  in  the  tundra  and  a  repeated  displacement  ot 
the  forest  boundary  northward,  then  again  southward. 
Obruchev  [34]  describes  cedar,  birch,  pine,  larch,  and 
•pruee  pollen  in  die  peat  deposit*  ot  the  Anadyr  basin . 

If  die  tatorpretattona  of  dieae  investigators  ere  correct,  the 
tuae  of  the  devalopaMat  of  Mm  concentration  of  osganle  autter 
deep  to  the  tua^a  aoUs  of  Alaaka  probably  oeliMldea  wlMi  the 
wanting  Bend  during  lato  Wlaconato  tine.  Oiganle  renataa 
oohU  have  readied  their  preaent  poallton  only  uriwa  die  aea- 
aonal  thaw  eeeiarrod  to  a  gioatir  depda  dian  It  now  doea,  ihua 
aMFPortlng  the  probability  of  an  earlier  wannar  clUiato.  Ihla 
would  BMiely  auggeet  the  general  ttne  nrhen  the  events  took 
place,  bat  would  not  eatabllah  die  ptoceaa.  Oiganlc  ooocen'- 
OraUon  la  aa  pieaant  to  tundra  aoUa  of  the  Gublk  fanaatlon  aa 
It  la  In  older  deposiu  in  nertbem  Alaaka.  Ihere  la  f^agiaan- 
toiy  evidence  that  ibto  deep  organic  layer  la  preaent  In  at 
leaatone  aovtot  aeeior  (Svadwv  [17]).  aldiaugh  the  Infor- 
aMtloa  la  too  toeoaipleto  to  auggeat  that  It  la  •  clrcunpolar 

At  any  tlaia  and  place  tundra  aoll  onrphelogy  raflaeta  two 
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processes:  One  process  relates  to  soil  formation  and  Involves 
organic  aiattar  production  and  a  mildly  acld-glel  process;  the 
other  Is  a  destructive,  physical  process— that  is,  frost  action 
in-lnding  solliluctton  [3S  U  41].  In  order  to  ecoount  for  soil 
morpi'iuiugy,  tho  two  prooesses.  one  soll-formtng,  the  other 
eoil-destroylng.  must  be  carefully  equated.  Literature  on  the 
•ubjeot  of  frost  displacement  is  rather  voluminous.  In  more 
recent  yaara  Ihere  have  been  a  nunber  of  quantlteuve  studies 
endartakan  on  the  eubjeet  and.  tortunaMly.  tee  no  longer  heve 
to  nly  on  deserlptlona  alonak  [42-40] . 

BOG  SOILS 

In  r.ortht^rn  AUska,  bog  soils  are  assoclAt<!d  with  tundra  soils 
In  a  highly  intricate  geographic  patt-jin.    Dr.  the  constal  pleM. 
bog  soils  are  extensive  [23],  occupying,  in  the  .-.orthern 
!r:ngc:3,  prr;liably  25  to  56*  of  the  land  area.    In  the  southern 
cu,istdl  pl.im  and  tnothills.  boig  sry.is  r.rrur  in  swales,  on  wide 
terraces,  and  on  the-  ilat  lop-jgraphy  AssLicuiled  with  certain 
upland  positions.   The  Brooks  Range  has  few,  if  any,  bogs. 
Bog  s  ills  ore  generally  formed  from  mixed  sedge -Sphagnum , 
a.'.d  are  commonly  2  to  4  It-soirfisin.-.i  ,13  much  as  30  It-in  the 
draws.   The  reaction  of  those  bc-^  ijils  .s  mildly  to  iticM-^ly 
acid,  but  in  certain  organic  soils  preient-day  calcareous  loess 
depti.illion  moy  be  Influencing  certain  acidity  levels,  a 
condition  which  has  not,  however,  been  studied. 

WEU.-ORA1N£0  SOILS 

that  wall-dretaed  aoUa  occur  to  the  arctic  mglona  baa  been 
known  for  over  a  eantury  [9] .  but  prtor  to  1930  few  toeeatlga- 
tiona  of  dieae  aoila  wera  conducted.  Ourtog  Mm  past  10  years 
a  minber  of  raports  heve  aade  possible  die  diegram  (Tig.  9}  of 
poattlona  when  they  nomally  occur.  Theae  soils  an  con- 
Bionly  praaent  on  narrow  ridgea.  kaatea,  lateral  laamlnea.  end 
ilunea  whera  pemelraat  la  aoaM  2  to  4  ft  deep  [49] .  Baaed  on 
Bwrphology  alone  theae  brown^olored  solla  an  acaroaly 
sepetable  ftoto  their  nordwro  forest  couniarparts.  If  sitoa  Idr 
oonstruetton  can  be  selected,  diese  soils  Aoidd  raoslrn  the 
earafut  attention  of  engineers,  beeeuse  they  have  the  proper- 
ties of  soil  that  are  desirable  for  oonstruetton  (In  certain 
sect3rs  they  occupy,  unfortunetely,  only  amall,  local  areas) . 
These  soils  have  been  kno*m  by  a  variety  of  names  [S0-S3], 
but  this  m  Itself  Is  not  too  Important. 

Arctic  brown  sr^ils  develop  a  solum  to  a  depth  approximating 
20  In.   A  riing<:  in  textures  Is  present,  but  sandy  loams  pre- 
dominate.  Clay  is  usually  In  greatest  quantity  at  the  surface 
end  decreases  slightly  with  depth.  An  acid  condition  Is  usu- 
ally present  at  the  surface,  with  pH  values  increasing  at  depth. 
Carbonates,  existing  as  white,  brown,  or  even  black  crusts  are 
commonly  preclpltoied  on  the  lower  sides  of  the  rock  fragments. 
Even  though  c-arboiiales  are  piecipitatcd  on  the  coarse  skele- 
ton, the  fines  themselves  may  be  acid  In  reaction  [54  ,  55j. 

This  suggests  a  delicate  pedolcgic  balance  Ir.  which  evapo- 
tronsplrjtlon  approximates  leaching  In  arctic  soils;  evidence 
has  beer,  lurlher  sub.tiantlaied  by  the  work  o!  Mather  and 
Thornthwaite  [i6]  and  by  the  unpublished  work  '  i  !h€>  late 
R.  E.  Shanks  and  his  associ.ites .    Mineralogy  of  .irclic  brown 
soil  indlcaif.s  tJiat  a  law  order  ol  weathering  takes  place  :n  the 
solum.  Including  al;eratl::n  nl  leid.tpars  to  clay-like  substance. 
Clay  minerals  consist  of  altered  micas,  kai  ilnlte,  chlorite, 
iron-bearing  m Ir.'  T^il 5  ,  "Itiy-slzo  feldspar,  and  quartz  [54,  S7], 
Organic  matter  studies  iihow  C  to  N  ratios  of  al>oul  IS  lo  20. 

MISCCLLAiNCOUS  SOILS 

tldwsols,  reek  land,  and  ragoaols.  virtually  wMiottt  any 
genetle  bcrlsen  dlftoranilatlon,  era  extonslve  to  cartota  araas 

of  the  Arctic. 

Recently  Dgollnt.  TMfeow,  end  Grant  [58]  reportod  «wU 
drataed  organic  soils  foroMd  on  oertoto  black  shales  of 
northern  Ala^ .  Ihess  apparantly  ecmapond  to  the  ahunglto 
aeUaof  KaKlto[S9]. 

Dm  northern  extonaioo  of  randalaa  soil  had  been  a 
eonwwbst  unikaown  feclor.  but  It  has  now  been  Identified  In 
nordiain  Alaska  [SO]. 


Copyrighted  material 


Fig.  3.  DUgraJB  of  ■oil  pattanu  te  nordMiB  wwi 


son.  PROCESSES  AMD  CUMATIC  ORADIEMTS 

Sou  fermatien  Acrota  norMMm  elUMilo  sradionM  m  briafly 
dlaeusaed  hew,  partleulafly  tfw  mtural  wU  dunvo*  within 
tho  ontlm  nglon  of  loo  frao  land  nardi  of  iho  trao  11m  .  Wlion 
Dekiichaoir  oooijilliMl  hia  orlfflnal  aoU  map  of  Kuraala,  land 
nordi  of  dm  irao  llna  w»a  daaignaiad  as  an  imdiffarantiaiad 
aoU  sone.  Gllnka'a  OMp  Uaiad  virtually  die  aama  (ogiona  aa 
tMndra  wldi  paita  of  die  aaatant  Sibarlan  highlanda  daalgnaiad 
a«  wartioal  aoU  Moaa.  Praaolov'a  map  oonatllutad  a  ratlaa- 
awnt  of  dia  aoU  bouadarlaa  of  dte  aarllar  Soviet  watkara<  and 
dia  arctic  aoll  roglon  waa  dealgnalad  aa  polar  tundra  wldi 
eariain  atountain  aoila.  Garaalawv  [fil]  daaignaiad  iha 
southern  poriion  o(  ihe  tundra  region  as  gt«l  soils  of  iho  sub- 
polar tundra,  and  the  extreme  northern  sone  as  prlmtuve  soils 
of  the  polar  tundra .  The  work  of  Geraslmov  Is  a  realistic 
approach  and  can  a«rv«  as  a  foundation  (or  futuro  work. 

Kublena  [62]  introduced  die  tern  arctic  rowroark  for  th« 
polar  desert  soil  and  this  was  later  used  in  Spitsbergen  by 
flnlth  [63] .  In  a  sinillar  fashion.  McMillan  [64]  recogn.sed 
tundra  soils  In  tho  southern  tundra  region  and  rawmark  in  the 
Par  North.  Comparing  the  soils  of  the  tn.iin  tundra  belt  to 
thosa  of  the  extrene  northorn  >cu  (t>'ir  ^ir.-  <.t.  uiure  are  two 
ma)or  changes:  one  relates  to  the  wodk<-nirig  at  the  soil 
fonolfig  agencies,  and  the  other  to  a  shift  from  the 
predomlnanlly  tundra  soils  to  those  of  the  polar  dosort  (Fiq.  3). 

In  following  the-  bfuwn  wooded  soils  n fjivvard  from  the 
boreal  forest  (Fig.  3)  at  the  tree  line,  there  appear  to  be  a  few 
morphological  changes  as  wcU-dralncd  soils  qr.idc  int.-;  jrctic 
brown  soils  of  the  main  tundra  bait  [6S] .  This  is  also  true  of 
dta  gtei,  bog,  and  tha  podsel-llka  aoUi  (rig.  3}.  It  la  mora 


raaltalie  to  vlaw  oandltlona  at  dia  foraat-tundra  ecotona  aa  a 
aloarty  etwnging  eenttnuna  wldi  anong  aiorpb logical  afflnltlaa 
on  bodi  aldaa  of  dia  iraa  Una.  Iha  narikam  itanat  aona  haa 
broam,  aniadad,  glal  and  beg  aoUa .  Vauaily  fta  awan  |iUy 
lanparaturaa  aia  SO*F.  Hordiward  Into  tha  mtn  hndra  tona 
dia  braam  weedad  asUa  gradn  taiiD  aretlc  Iwoam  and  dia  glal 
aoUa  Into  tundra.  Maan  fuiy  laapanluiaa  In  dw  nala  tundra 
Mna  approKlBMia  40  lo  SO*?.  Iha  polar  daaart  sena  of  the  Far 
Vorih  haa  naan  Inly  laaiparatma  of  uauaUy  <40^F  and  la 
diaraciarlaad  by  pradenlnantly  stony  eoodltloaa  widi  llttia 
aoll  davslopmant. 

In  addition  to  dia  shift  In  soil  impartlaa  adth  totltndaa, 
diere  Is  In  dia  arctic  and  boreal  raglen*  aoawwhal  of  a  earn- 
aponding  ataift  widi  altitude.  This  princlpla  was  laid  down  by 
Dokttchaav  at  tha  turn  of  the  century  and  is  applicabia  for 
arctic  as  well  as  cartain  other  regions.  Petrov  [$0I« 
Glazovskala  [66],  and  Tedrow  and  Brown  [67]  describe  tha 
varioua  aoll  changaa  with  alutuda. 

-PATrSRHED  GROUND 

Perhaps  the  ntost  voluminous  literature  of  the  arctic  concerns 
patterned  ground.  Attempts  to  ralale  certain  )::rms  ::l  pntiemed 
ground  tc  tjonotic  soils  have  met  with  som-,-  .i  .t  ; .  .-.a  .  Certain 
types  of  r  itti.rncd  ground  are  commnnly  aasuciated  with 
specific  b.ji  there  are,  on  the  other  hand,  many  condi- 

tions under  whl;;h  there  appears  to  b*  r.o  correlation  between 
the  two  [66.  69].   Drew  [23]  and  Brown  [70]  described  the 
problems  and  constructed  some  preliminary  maps  in  selscicd 
araaa  of  nortbafn  Alaaka. 
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ARCTIC  SOIL  MAPS 

Qaraslmov  [71]  complied  a  aoUa  map  of  Eurasia  which  peibapa 
aamatitutes  our  most  authoritative  reference  for  my  norilMm 
vagion.  QaraaUnov  and  •aaoctataa  I7i]  recently  oonpllad  • 
■nailer  map  of  ihe  northern  Sovlat  ngton  wbleh  thows  • 
nantow  of  soil  delineations.  SolU  neps  of  aordun 
Canada  [73]  and  northern  Aiaslcs  t74]  are  hlflbty  ganorollsad. 
lohonnasson  [75]  publlstwd  a  soils  nap  of  loslond  shewlag 
various  physlogn^ie-sell  eonditloos. 

PUWItB  PROBLEMS 

Wldi  this  brlsf  mvlaw  of  sosw  nordiam  soils  ono  fact  hecenas 
otovtoiM'-iha  solutions  to  snst  of  our  proMams  lis  ahaad.  It 
saasu  approprlata  Ami  to  suggasi  aooia  futura  padologlo 
rasaardi  naads  In  arette  xaglans: 

1.  Slnea  vary  llttla  Is  knom  of  die  soils  of  northara 
Canada,  particularly  die  whole  nordieastam  saotor  [76],  an 
affort  should  be  swds  lo  eonduct,  hi  daiail,  raeonnatssanea 
and  loeal  studias  in  this  laasi  known  soil  rsQlen  of  the  arctic. 

2.  An  affort  ahould  ba  nsds  by  all  nations  which  clrcla  dw 
Aretle  Ooaan  to  unify  soil  nosienclatufa:  If  dlffarancss  cannot 
ba  ivoancUad,  attantlon  should  dian  ba  dirsctsd  toward  listing 
an  equtvalent  tamlnology.  Msally  dils  weald  Invelva  tha 
axehange  of  sbwII  field  parties  on  an  InMmatlonal  basis. 

3.  rundamcntal  studies  on  arctic  soil  genesis,  morphology, 
and  classification  should  raccivo  special  attention.  Problems 
of  the  composition  of  the  soil  solution.  Ion  uptake,  mineral 
weathering.  aoll-pUnt  relationship  at  low  temperatures,  frost 
action,  pd'.ir-rr.i  i  jryund  In  ri^lrttlon  to  the  genetic  soil,  soll 
cljsstftcsn  r. .  jnJ  cartography  merit  early  Attention . 

AC  KN  Ci  WL£  DG  M  E  N  T  S 

Journal  serk  s  ;         ;:t  An  New  Jersu-,  A^.'..  Exp.  Sta., 
Rutgt;rs— Till'  .-;!,i:f  '.;  n.vi j[y  of  New  Jersey .   The  .i  .-ii.iilles 
wore  aided  by  .i  c:;nii  i;  '.     -tween  the  Ollice  of  NfJVtjl  Kesenrch, 
Departir.ont  of  the  Nj'.'-,.'  jnd  (he  Arctic  Institute  of  North 
America.   Reproduction  in  whole  or  m  part  is  permitted  for 
any  purpose  of  the  United  States  Government. 

Appreciation  is  extended  to  P.  A.  CoUinvaux,       Duke  Uni- 
versity, for  pollen  analyses  and  I.  L.  Cantlon,  o'.  Mu  hiT  in 
State  University,  for  identification  of  certain  plant  remains. 
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SOIL  INVESTIGATIONS  IN  THE  LOWER  WRIGHT  VALLEY,  ANTARCTICA 

F.  C.  UGOUNI.  Rutgers  University 


Rtesnt  invMtigatiens  ( 1 ,  2,  3]  inlcs-lMsanni  of  Antatetloa 
show  that  sell-iofning  praeasasa  ars  neUva  and  aotla  an  pro- 
duoad.  tn  tills  conUnant  aoll  genaala  is  mora  diractty  ralstad 
to  eUaata  tiwn  to  othsr  fadors  of  soil  fbraiatton.  Compilad 
■Maomtoglcal  data  [4}lndleats  that  Antarctica  recelvas  only 
a  mall  avount  of  pradpttatlon  throughout  tha  yaar,  nnd  that 
•rtdlty  eondltlens  tand  to  pravail. 

AMnellen  is  eoasldarad,  elinatologieally  spanking,  a 
da  sort,  or  ant*  pnef  ssly  as  Maifcov  [Sl  has  dafinad  it.  n 
odM  daaart.  In  a  ooM  daasft  snvfranaant,  sot)  fbrmatlon  Is 
stnmgly  aflaeiad  by  tha  paucity  of  vmtar  and  by  pradonanant 
low  tampantuMS.  Sincn  only  liquid  watnr  can  parform  tha 
tnnsfar  of  aolubto  pioducta  of  waatharing,  tha  praaanoa  or 
abaonea  of  aielstun  mowaiaant  in  a  liquid  atata  through  tha  aoll 
pteflla  oMy  aatabUah  whathar  bomo  aolla  ara  balng  fbmad  to- 
day or  an  isUea  loflactiiig  conditlona  no  lengar  exiatlng. 


Irraapactlve  of  tiiolr  dynastic  or  staue  atatua,  thasa  sells 
ara  uniqua  in  that  tlwy  ara  iamad  iindar  a  ayatan  virtually  da- 
void  of  hwaus  and  undnr  ataioat  contlmiouB  fraasing  tampan- 
tures.  Baesuaa  of  tiwao  conditionB,  it  baeoaias  naeaaaaiy  ba- 
fora  dtseusslng  smaietic  aoUs  to  intsrprat  in  a  now  light  aona 
of  tha  padologlcal  and  eiyopadolagtcal  concapta  hold  for  teai- 
paiate  and  aretle  latltudas.  Thus,  any  daflnltlon  of  soil  makes 
mandatory  tha  praaanoa  of  an  organic  cover  on  tha  nlnaral 
layws.  Antaicttc  soils  than,  ladeins  this  organic  layar.  will 
not  fulfill  this  daflnltlon.  In  spits  of  tfas  abianea  of  a  surfielal 
organic  horliion.  thasa  aolla  acaiulra  magaacopic  faaturaa  and 
chamlcal  propartioa  to  tha  aistont  that  thalr  appurtananeaa  at 
tha  raalm  of  aolla  bacoaia  Juatlflsd.  Dun  to  tha  cold  envlion- 
mant  under  wlildi  theae  aolla  ara  fonaad.  a  aubatantlal  portion 
of  tlie  aoll  profile  ratal  ns  below  freestng  tanperaturas  even 
during  the  suouner  months.  To  be  exact,  thia  portion  should 
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rig.  1.  Typical  ahumlc  soil  profile  from  Wrlqht  Valley, 
Antarctica 


be  considered  permafrost.   For  this  study,  however,  the  word 
soil  used  throughout  this  article  Is  applied  to  that  portion  of 
surflctal  deposits,  independently  of  its  temperature,  that  rests 
on  an  ice-cemented  layer  or  on  material  unaffected  by  pedolofli- 
cal  processes. 

In  a  recent  study  .  3l,  antarctic  soils  were  grouped  tenta- 
tively under  the  heading  "soils  of  the  cold  desert"  and  further 
subdivided  into:    Ahumic  soils,  evaponte  soils,  preranker 
soils,  ornlthogenic  soils,  regosols.  and  Uthosols. 

Ahumic  soils  (Pig.  1).  so  designated  for  the  striking  ab- 
*enc«  of  a  visible  layer  of  organic  debris,  should  be  consid- 
ered the  zonal  soils  of  Antarctica  belonging  to  the  desert  type 
of  soil  formation.   However,  in  vlow  o!  the  salinity  displaced 
by  some  of  these  soils,  one  may  question  whether  saline  soils 
are  to  be  considered  zonal  soils.   Ahumic  soils  and  Uthosols 
are  the  most  widespread  soils  of  ice- free  areas  of  McMurdo 
Sound  and  possibly  of  the  whole  continent. 

The  processes  operating  on  these  ahumic  soils  are  mainly 
two:    Sallnization  and  oxidation— the  former  beir,g  responsible 
(or  accumulation  of  salts,  and  the  latter  for  the  rusty  red  color 
of  the  soil.   Progressive  development  of  the  .soil  is  marked  by 
an  Intensification  of  both  processes.  As  Nikiforoff  [6,  states, 
the  development  of  normal  desert  soils  is  the  result  o!  upward 
capillary  movement  of  moisture  with  consequent  formation  of  a 
desert  crust,  and  the  concentration  of  products  of  mineral  al- 
teration below  the  surface.   A  similar  process  is  taking  place 
In  soils  of  ice- free  areas  of  Antarctica.    Here,  too,  the  trans- 
fer and  accumulation  of  salts  take  place  within  the  soil  profile 
through  a  mechanism  of  upward  water  migration.  Salinizatlon 
of  these  soils  can  thus  be  considered  a  normal  pedologicat 
pfocest  (or  the  region.  An  upward  movement  of  water  has  been 
suggested  by  Nichols  I  4:  to  explain  efflorescence  at  and  below 
the  ground  surface  in  Wright  Valley  (Antarctica). 

The  Area 

Th«  east-west  oriented  Wright  Valley  {77'='2S'  S.    162''4r  E. 
and  77''33'  S.    160''42'  C.)  is  one  of  the  conspicuous  ice-free 
areas  ol  McMurdo  Sound.  Antarctica.    Some  70  miles  from  Mc- 
Murdo Station.  Wnght  Volley  is  free  from  Ice  for  about  30  miles 
and  has  a  maximum  width  of  less  than  three  miles.   The  Onyx 
River,  mainly  alimented  by  melted  water  of  Lower  Wright  Gla- 
cier and  alpine  glaciers,  flows  for  only  a  few  weeks  during  the 
summer  and  empties  its  water  into  Lake  Vanda. 

The  east  end  of  the  valley,  barred  by  Lower  Wnght  Glacier 
where  our  soil  studies  were  centered,  consists  of  a  broad  ex- 
panse generously  covered  with  moraines. 

Geology 

McKelvey  and  Webb  [7j  ,  in  a  recent  geological  Investlgaaon 
of  Wright  Valley,  distinguish  a  basement  complex  of  folded  and 
metamorphosed  Pre-Cambrian  sediments  with  intrusions  of  gra- 
nitic plutons  and  microdiorite  and  grai>odiorite.   On  the  pene- 


plAlned  boiem«nt,  the  Beacon  Sandstone  Group  o(  sediments 
were  deposited  during  the  Devonian  to  mld-Mesozolc  time. 
Both  the  basement  complex  and  the  Beacon  Sandstone  were 
intruded  by  Terrar  Dolorlte  sills  and  dykes.    Volcanic  activity 
in  Wright  Valley  during  the  quaternary  is  reported  by  Nichols 
[41. 

Glacial  Geology 

Nichols  Lb]  recognized  (our  glaclatlons  of  which  three,  the 
Pectan,  the  Loop,  and  the  Trlology,  moved  from  McMurdo 
Sound  westward,  and  one,  the  oldest  unnamed,  from  the  Polar 
Plateau  eastward.   The  youngest  of  these  glaclatlons.  the  Trl- 
ology. whose  moraines  occupy  the  broad  valley  In  front  of  Low- 
er Wnght  Glacier,  was  further  subdivided  into  three  stages. 
Independent  work  of  Bull,  et  al  [9j  includes  the  Trlology  and 
the  Loop  Glaclatlons  of  Nichols  in  a  single  episode  called  the 
Third  Glaciation.    Bull,  et  al  ,  9]  mention  that  moraines  yourkger 
than  the  Third  Glaciation,  as  yet  unmapped,  occur  near  Lower 
Wnght  Glacier.   Nichols  18J  Indicates  that  the  Trlology  Glaci- 
ation took  place  about  7000  years  ago.    Field  observations  in 
Lower  Wright  Valley  showed  a  close  association  between  soil 
development  and  the  relative  agoo!  glacial  deposits  of  theTn- 
ology  Glaciation.   In  view  of  this  association,  the  chronology 
suggested  by  Nichols  was  adopted  to  delineate  soil  boundaries. 

Climate 

The  continent  of  Antarctica  experiences  one  of  the  most  severe 
climates  on  earth.   Temperatures  In  the  ofder  of  minus  30^  C 
are  recorded  at  the  South  Pole  (90°S.)  dunng  summer  months. 
At  McMurdo  Station  (77^S'  S.  and  166'''39'  E.)  temperatures  are 
higher  because  of  the  lower  latitude,  altitude,  and  the  pres- 
ence of  an  open  sea  dunng  February  and  March:  still  rx>  month 
of  the  year  displays  a  mean  temperature  above  freezing.  Tabl* 
I  shows  precipitation  in  areas  adjacent  to  McMurdo  Sound  Is 
exclusively  in  the  solid  state.  Table  II  shows  the  amount  ol 
precipitation  at  McMurdo  Station. 


Table  I.  Mean  Monthly  Temperatures  (°C)  at  McMurdo  Station^ 


Oct. 

Nov. 

Dec. 

Jan. 

Feb, 

19S6 

-19. 

1 

-  8.2 

-2.0 

1957 

-19. 

7 

-  7.8 

-2.6 

-3. 1 

-  8.1 

1958 

-18. 

8 

-  8.6 

-5.7 

-2.6 

-  5.9 

1959 

-24. 

1 

-11. 1 

•2.7 

-2.8 

-  9.8 

1960 

-16. 

7 

•10. 1 

-4.4 

-1.9 

-11.0 

1961 

-6.1 

-  8.6 

'Data  from  Climatology  of  McMurdo  Sound,  U.S.  Navy 
Weather  Bur.  Research  Facility.  Norfolk,  Va. 

Table  II.    PreclpitaUon  at  NAF,  McMurdo  Sound' 


Year 

In.  of  Water  Eguiv. 

1957 

6.38 

1958 

2.29l> 

1959 

3.29 

1960 

5.29 

1961 

6.26 

1962 

3.56 

'unpublished  data  collected  by  U.S. 
Navy  and  supplied  by  the  U.S. 
Weather  Bur.    Blowing  snow  mixed 
with  falling  snow  makes  some  of 
these  data  not  completely  reliable. 


Eight  months  only. 

Snowfall  in  the  valley  dunng  the  summer  Is  light  aiMl  tends 
to  dissipate  very  quickly  due  to  sublimation  and  mechanical 
removal  by  wind.   Melting  is  very  limited  and  melted  water 
does  not  penetrate  more  than  3  to  5  cm  of  soil.  Consistent 
winds  blow  along  the  east-west  trend  ol  the  valley.  Relative 
humidity  measurements  for  only  a  few  days  durirtg  the  summer 
Indicate  fluctuations  between  70%  at  night  and  35%  during  the 
day. 


OiUy  •cattered  data  ore  available  tor  the  eastern  end  o(  Pebble  count:   7S%  gtamte.  2S%  mica  feldspar  schist  with  low 

Wrisht  VUlay.  «•  the  fallowliig  uhl*  IndleaMt.  paieantage  pf  dolorlM. 


Air  Terr.perri 

'.ure  and  Relative  H 

umidlty 

rrorr.  I.owi^r 

Wnyht  Val 

ley  (0.5 

Miles 

frorr.  '.ho  I.c>wr>r  Wnght 

GMcier) 

Temp.  ,  - 

'C 

RH  ,  i: 

Date 

Max. 

Min. 

Max. 

Min. 

7  Nov. 

-7.0 

-  8.0 

70 

30 

8  Nov. 

-S.8 

•  11.0 

6$ 

32 

3S  Dae. 

l.S 

-  7.0 

S3 

25 

19  Tan. 

0.0 

.  5.0 

70 

30 

Klotlc  Element 

Tbm  feiolie  •iMBMit  I*  vwy  mMOW  in  iM-toa  mmm  of  Me- 
Mtvdo  3ound  tiol.  Moimb.  white  praMnt  omf  aea  Iswal  at 
Matbto  and  Gnalsa  Mnti ,  an  abiant  on  tha  floor  of  VWIght 
Valley,  tkdiaii*  warn  Ibund  aleno  tha  north  wall  of  thla  vallay 
at  an  atowtlon  of  4800  ft.  Thla  altituda  nay  eolnelda  wltti  the 
anoir  Una  of  Ibo  inslen.  Durtng  tha  watmaat  part  of  tha  aaa- 
aon.  naltvd  walar  at  tlw  adga  of  a  fliosan  laka  in  front  of  tha 
hamm  Wtiotat  Glaelar  hadiara  Uoonino  comnunitlaa  of  alga*. 
Naar  tha  ■horaa,  en  tha  molvt  grauml,  nitoa  Uva  undar  atonas. 
Finn  a  pMlUMaBiy  awvay  on  iha  aUcrobtologlcal  atatua  of  the 
valley,  Boyd  repottt  Ipai tonal  cammunlcattoQi)  a  veiy  low 
count  ceaiparad  with  aiaoa  In  Itoaa  laland. 

Soils 

Soils  described  in  this  paper  were  collected  Irom  the  rnorainos 
belonging  to  the  three  stages  of  the  Trlology  Glaciatior.  [  I  J.  • 
ProiUe  7.  some  S  miles  from  the  present  Ice  cliff  of  Lower 
Wright  Glacier,  derives  from  the  oldest  stage.    Profiles  4  and 
34.  respectively  2  and  0.  5  miles  from  Lower  Wright  Glacier, 
are  from  the  krvternediate  stage  but  represent  different  chrono- 
logies—proiilo  4  Is  relatively  older  than  profile  34.  Profile 
33  was  obtained  from  the  youngest  moraines  of  the  Tnology 
Glaclatlon  immadlaialy  in  irant  o(  Lower  Wright  Glacier.  A 
farlaf  daaetiptlon  of  thaaa  prnfUaa  fbUowa: 

PwUla  7  -  1230  ft.  aal  (above  tea  level) 

4-0  nc  -  Dasatt  pavement  containlrvg  ventifacta. 

0-2S  cm  -  Dry.  sandy  light  yellowish  brawn  (2. 5  Y6/4  In 
MunaaU  Sell  Color  Charts,  Munsetl  Color  Co. ,  BaltiBMN) 
horizon  With  a  rather  unllorm  aandy  texture.  Cobbles  In 
upper  part  Of  this  tvoriion  appaar  wall  wnatharad  with  a  crust 
of  salts  in  the  lower  part. 

26-40  cm  -  Dry.  with  no  color  dlffarantation  froai  the  previ- 
ous horizon,  sandy  in  texture  with  no  salt  undar  surface  of 
cobbles.   Ice-cemented  layer  at  7B  cm  (Dec.  2S,  1962).  A 
pebble  count  of  this  prodle  gives  60%  granitic  rocks  end  20% 
doiorito  and  aphanitic  dolofita  (doloilta  iron  tha  ohlU  wonti- 

Profile  4  -  1100  ft,  asl 

3-0  cm  -  De.'.en  pavement. 

O--)-!  cm  -  Dry,  sandy  with  light  brownish  ytrt/  (2.5Y6/2) 
color.    Below  14  cm  it  becomes  progrc.«slvcjy  firm:  at  a  depth 
of  7A  cm  .an  Inaurated  layer  is  Uyjr.d.    1'h;s  i-ay<.n  h.-ir;  p.iU^  olive 
color  3).   Ice-cemented  layer  at  44  cm  (Doc.  24,  1962). 

Pebble  count:  7SK  gtanltle  roeka,  tSX  doiorita  and  aphanttie 
dolorlte. 

Prolllc  34  -  1  ICQ  f!.  asl 

0-2  cm  -  Desert  pavement. 

0-37  cm  -  Rather  feat'jrelt?ss  horizon:    dry,  sandy,  light 
yellowish  brown  (2.5Y6  4)  with  ar.  indurated  layer  below  15 
cm.   Ice-cemented  layer  at  37  cm  (Dec.  26,  1962).  Pebbla 
count:  SOK  gnnitle  meks,  40K  doionta  and  adoa  fatdspar 
schist. 

PfoUle  33  •  1200  ft.  aal 

No  desert  pavement. 

0-S  cBi  -  Mainly  a  looaa  sandy  and  pebbly  layar,  light  grey 
(t.S¥7/2}.  loa-coBantad  layar  at  S  en  tttae.  38,  U6S). 


nSLD  AND  BXPnOMtNtM.  MB1H0D8 

Baiihitatory  aoil  atudlaa  of  Ica-toa  araas  of  McMurdo  Sound 
wara  nada  lieai  1981  to  1983.  tell  taaipaiatuias  and  aioioell' 
natolaoical  data  wara  oollactad  ualng  a  tatatiMfneaiatar 
oqulppad  with  tharralator  piebas  and  mercmy  lhanranatara 
cased  in  a  thennoscrean.  Ralatlve  humidity  waa  naaautad 
with  a  hairhygroraeter  and  with  a  psychcooiaiar.  Saoiplaa  far 
aioisture  content  were  collected  at  the  maximum  and  mlnlnuiD 
Of  the  diurnal  temperature  cycle.  On  the  fraction  less  than  3 
am.  the  following  analyses  were  performed:   Machanloal  (ill, 
firaa  iron  oxides  [12],  chlorides  L 1 3),  and  sulfates. 

Blactrteal  conductivity  and  pH  neaauramants  ware  also  made 
on  a  1-to-l  soil-water  extract.  Leached  and  unleached  samples 
of  profile  34  were  exposed  to  atmospheres  of  known  relatlva 
humidity  to  evaluate  relative  hygroscopic  coefficients. 

Deficiency  of  water  and  low  temperatures  are  the  limiting 
factors  for  soil  formation  In  Antarctica.   Consequently,  studies 
of  water  movements  become  of  groat  interest  ir,  a  f:<-:lo<3.?nctic 
study.    To  shed  some  light  on  the  soli  water  rcgino,  a  sinple 
experiment  was  set  up. 

A  glass  vial  S.S  cm  high  and  with  an  interrial  diameter  of 
2  -  ■>  cm  was  filled  wttn  soil  froTi  the  lov/er  honzDr.  ("lu  to  37  en) 
of  profile  34.    PreviousiV  this  soil  was  Srouijht  to  a  naistijre 
level  of  li'i  as  found  in  the  tleld.    The  vial  was  sealed  ar.d 
placed  or.  a  hot  plate  in  a  cold  joo.ti  where  the  hot  end  '.va;;  kept 
at  4C'  C  and  the  cold  ore  .^t  1  U'  C.    The  .T.ovir.g  bound-iry  .it 
the  i.'iteriace  between  dr/  and  wet  j.oil  could       ioiJowed  a3 
:T.ojsti.re  proyre.'i.'ijvejy  miyrati-c:.    At  thi;  end  o!  the  exp«riment> 
coi.di.;i:'iv:ty  mi'-isuioncnl;.  won-  rn.n-U:  on  portions  of  sOli  ob- 
ton^c-d  lrr'>m  thi-  cold,  the  hot,  .inu  .in  intermediate  point  of  tha 
soil  colucnr..   This  experiment  was  devised  for  qualitative  in- 
fonaation  only. 

mt  D  AND  lABOMTOmr  msmaa 

Soil  temperatures— rig.  2  shews  soil  taaiparatuias  distribution 
for  Nov.  8,  Dec.  22,  and  Jan.  19.  I963-'84.  In  axamining 
these  soils  tamporaturas  ona  must  renvembar  that  the  natural 
setting  consists  Of  bars  ground  from  snow,  witfa  dry  and  coarse 
textured  soils.  Conaaqtiantly.  tha  soil  surface  will  tend  to 
heat  artd  cool  rather  rapidly.  Progressive  wanning  of  the 
season  is  reflected  in  soil  temperature  and  in  dally  fluctuatlona 
of  the  different  soil  depths.   Regardless  of  time  of  season, 
doiiy  fluctuations  tend  to  decrease  in  amplitude  with  depth: 
at  the  jevo!  Of  the  Ice-cemontod  layer  fluctuations  are  almost 
neghcjible.    M-3xinun  soil  temperatures  at  the  surface  lend  to 
occur  during  the  early  afterTX>on;  at  depths  of  12  to  22  cm  the 
iT.flxinium  13  reached  after  a  lag  of  a  few  hours.  Unreported 
data  show  that  a  concomitance  between  maximum  air  tempera- 
ture arid  maxinun  soil  temperature  is  no;  always  reached.  It 
seems,  as  already  reported  by  other  authors,  th<it  near  surface 
sou  tenp.eratures  dajMnd  oMTa  On  Bolsr  ndiatioa  than  on  air 
temperature. 

Soil  temperature  gradients  r^'forded  during  the  season  were 
0.5°  C  per  cm  for  Nov.  B,  0.6°  C  per  cm  for  Dec.  22,  and 
0.4°  C  par  eai  for  Jan.  19. 

Lehoratorv  audlaa 

Tha  aiiaot  of  aalta  on  watar-holdlng  capacity  la  avtdaot  ftem 
TaUa  nr  whara  aoU  awlatuna  tor  natural  and  daaaltad  ioils 
axposad  at  dlfiovant  lalatlva  hunidlty  levels  sra  pretantad. 


labia  nr.  Ilygioaoople  Coafflcianu  (K)  of  tell  nefUa  34, 
WriglhtVallayCOnNn} 


Depth, 

RH,  9B,  : 

\% 

RH,  b.0.( 

j* 

cm 

natural 

desalted 

natural 

desalted 

2-6 

4.04 

2.43 

0.  61 

0,20 

6- IS 

3.49 

1.39 

0.40 

0.  IS 

15-2S 

2.11 

I.  32 

0.27 

0.  10 

2S-30 

2.03 

1.4S 

0.27 

0.10 

30-37 

1.03 

0.70 

0.27 

0.07 
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Hours 

flf.  2.   Daily  fluctuations  ot  soil  temperatures  in  proUle  34 


Mechanical  analysis  (Table  V)  shows  that  coarse  textures 
tend  to  prevail  In  all  (our  profiles.   Clay  content  Is,  In  gene- 
ral, rather  low  end  tends  to  Increase  as  the  ago  of  glacial  de- 
posits Increase;.    l..-ick  n'.  rninaraloglcal  data  prevents  ii-tther 
speculation  with  roijord  to  this  trend.   The  amount  ol  clay  with- 
in each  soil  profile  behoves  erratically,  rafteetlng  nam  dapOtl- 
tlonal  features  than  pedoloylcal  ones. 
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Table  V.  Mechanleal  oraposiuon  of  Mil  pntUm^  33  .  34,  4. 

and  7 .  Vfrt^t  Valley  (<  Z  mm) 


Prottto 

Depth,  Sand, 

Silt, 

Clay. 

No. 

cm 

2. 

0-0.  OS  mm 

0.0$-0.002 

mm  <0 

002  mm 

33 

0-3 

99.3 

0.3 

0.4 

3-S 

99.2 

o.s 

0.  3 

34 

2>6 

96. S 

4.S 

1.6 

6-JS 

97.3 

2.0 

0.7 

1S-2S 

93.9 

s.s 

0.6 

2S-30 

94.7 

4.7 

0.6 

30-37 

90.  S 

8.6 

1.0 

4 

2-8 

89.  2 

7.2 

3.6 

8-14 

90.9 

S.S 

3.6 

14-20 

92.8 

S.S 

1.7 

20-24 

88.  8 

8.S 

2.7 

24-28 

77.8 

18.3 

3.9 

26-3B 

79.8 

12.0 

7.3 

3S>4S 

84.0 

0.4 

6.0 

7 

2-17 

73.3 

23.7 

3.0 

17-27 

77.2 

20.2 

2.6 

27.40 

60.7 

37.2 

3.1 

Conductivity  readings  expressed  in  milllmho*  (Table  IV)  are 

stnitingiy  high  for  the  soils  derived  from  the  early  stage  of  the 

Triology  Glnclatlon  compistcd  w 

;h  those  0;  the  late  eplS0<la. 

These  refldlng."! 

are  comporinji*  c 

r;ly  i)  sampU 

r.g  has  proceeded 

In  slmllrti  w<-[\ 

croincit           with  the  same  exposures  and  wltll 

the  .tame-  lithul 

•  cjy  . 

Irrc  j[>ccti'. 

c  0*  the  aae 

0;  the  deposits  , 

conductivity  v.-\ 

1  JOE 

h;gh  at  the  soil  surface-  Chlo- 

ride's  a 

■j  well  0 

s  th( 

pcrcer.tacje 

ct  tree  iron  oxides  also  reflect 

this  CO 

miitinn- 

Th. 

soil  reactior.  is  almya 

allcaUw, 

with 

higher  pH  values  near  the  surface. 

I^bto  VI.  PaztlAl  ctendcal  data  of  wU  piofllet  33.  34,  4.  and 

7,  Wright  Vallpy  (•  2 

mm) 

Electrical 

CI, 

SOa 

Free  Iron 

Profile 

Depth, 

Conductivity,  mg 

my 

Oxides, 

N9. 

cm 

pH 

Mmhos  cm  lltrr 

litor 

% 

33 

0-3 

7.8 

0.  20 

60.  0 

104.6 

0.22 

3-5 

7.8 

0.07 

106.0 

81.5 

0.20 

34 

2-C 

S.I 

3.03 

1  060.0 

197.4 

0.30 

7.« 

2.1s 

633.7 

287.8 

0.20 

1S>2S 

7.S 

1.4$ 

286.2 

172.7 

0.23 

2S>30 

7.1 

1.26 

438.7 

106.9 

0.16 

30-37 

7.S 

0.»1 

23S.0 

90.  S 

0.21 

4 

2-B 

7,7 

9.2s 

3  146.8 

492.  7 

0.44 

B-14 

7.4 

2.  S6 

SS9.4 

JS-I.  7 

0.  48 

14-20 

7,  S 

1.09 

889.  1 

BS5.  3 

C  .  49 

20-24 

7.5 

0.  74 

129.  H 

Bt  J .  7 

0  .  S4 

24-28 

7.4 

3.44 

1   135. ■> 

a:/.? 

0  .  ,S4 

28-36 

e.& 

3.44 

1  14S.S 

488.3 

0.46 

38-46 

7.1 

2.63 

702.S 

394.7 

0.44 

7 

2-17 

7.4 

12.  SO 

4  304.2 

4S0.6 

0.44 

17-27 

7.1 

9.00 

3  080.4 

4S0.2 

0.42 

27-40 

7.2 

2.20 

62S.3 

285.2 

0.38 

DI8CV88Km 

Undar  the  daaarUc  envtionment  now  existing  in  Antarctica  ,  only 
raatrlctad  ofaaa  escape  the  prevailing  drought  of  the  continent. 
Bxoaptlena  to  tbasa  «lry  condiuons  are  limited  areas  ad|aceni 
to  glaciers,  where  for  a  faw  weeks  at  the  height  of  summer 
melted  water  saturates  tha  ground  and  aUowa  a  free  dicuUtion 
of  water  in  the  soil . 

A  special  case  ol  moisture  availability  is  the  thin  veneer  of 
drift  that  rests  on  glacier  Ice.    Here  t.^e  thlck,'-ies5  o{  the  drift 
COrtrojs  "hi?  ne'.ting  of  the  ice  below,  and  hence  the  qu,^ntlty 
of  water  available  for  moistening  the  soil.   While  a  more  de- 
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tailed  iliscussiori  will  be  prcsontcd  on  this  problem,  Intanst 
at  the  tr.orr.erit  15  i.tt  fp  :       :hn  nro^r  ty  of  the  M)U>>  tiM 
ones  not  provided  wiili  ar.  nmpJe  vr-ater  supply. 

Profile       excnipl;fi03  one  of  tlicso  conditions.    In  spite  of 
the  arid  envir:7nrnent ,  noisture  fluctuations  during  a  24-hour 
cycle  (Fig.  2)  are  indicative  of  tiv    1,  r mic  aspect  of  soli 
moisture.    Several  nechanisms  can  jnvoice  these  moisture 
variations,  namely  temperatum  gradient,  »»vaporatlon.  and 
corviensAtion.    Moistute  movemeiUs  in  ^01  Ir.  jnd  porous  ma- 
terials under  tho  itilluenrc  of  a  tompcratino  qr.nlirnl  have  tvon 
the  objprrt  of  r'.unrioijs  Investigations  _  14  to  i'J  |.  Kxponmen- 
tal  work  ['.b.  IHj  has  shown  that  in  a  closed  soil  system  sub- 
jGCtcd  to  a  tenperature  gradient,  soil  water  largely  iri  a  vap-cr 
phase  tend-  to  nove  from  the  hot  to  the  cold  end  of  the  system, 
Depletion  of  noistuie  at  the  hot  end  and  Its  accumulation  at  the 
cold  end  creates  a  moisture  'gradient  which  IndUOSS  A  IVtUni 
ftCTM  of  liquid  watfit  toward  the  hot  front. 

The  distribution  ol  soil  w,3tor  at  T.axirr.um  and  minimum  of 
the  :hurn.3;  temperature  cycle  m  Tiq.  ?  suggests  that  to  an  ex- 
tent a  sini'.ar  nochanism  Tiay  fx;  involved-    Moisture  accumu- 
lation in  the  lower  part  of  the  soil  pniifilc  (cold  end)  and  a 
saline  layer  at  the  warm  end  (soil  surface)  could  be  interpreted 
as  the  result  of  downward  T.ovenients  of  water  vapor  arxi  upper 
migration  of  liquid  water  during  the  short  summer.    V.'hile  thao* 
reticaUy  this  is  possible,  and  while  there  is  ample  field  arvd 
analytical  evidence  that  liquid  water  has  moved  upward,  there 
are  no  direct  proof.s  that  this  proce.ss  can  sUU  take  plaM>  The 
meager  quantities;  ol  water  recorded  and  the  WllRlty  Qf  llw  tOtl 
arc  Uniting  f.ictors  for  s„ch  processes. 

At  night,  since  that  part  of  the  valley  is  In  shade,  cooling 
Is  rapid.   The  soil  surface  becomes  another  cold  front  in  addi- 
tion to  the  Ice-cemented  layer.   A  warm  zone  exists  below  the 
surface.    The  zone  Is  the  site  where  diametrically  opposite 
vapor  flow  may  start.    The  ascending  component,  while  pane* 
trating  the  cold  soil,  Is  apt  to  lose  its  moisture  by  coivdensa- 
Uon.    Condensation,  coupled  with  a  reduction  of  evaporation, 
tsndt  to  pravcnt  a  rapid  loss  of  watar>  ConsaquonUy.  molstura 
aeeumidataa  at  tha  aivteea.  at  ahoMm  in  ng.  3. 

At  pnwiottsly  flMnnoMd,  owisttm  nigratiaB  atiidl*!  uadar 
th*  influMiM  of  •  tbMMl  gndlant  hava  baan  laada  in  oloaad 
■yatama.  In  an  epan  ayalam,  aueh  aa  sail,  taapnatuia  gn- 
dlants  nay  not  ba  anUraly  mpomiMa  for  malotaltUog  a  raola- 
tiua  gndlant  aemaa  Hi*  aall  pnflla«  A  alMllar  gradiant  can  lia 
ofaiBlnad  }iiat  by  anipaivUm  at  tha  aotl  awfaca.  Bvwoistton 
«t  tha  aurfaoa  t>  illuauatad  tn  ng.  4.  whafa  auetuattona  of 
•aoandlng  anlaturo  during  Iha  day  an  evldaBt. 

A  loian—  gndiant  In  tha  aatl  praltia  ganantad  and  naln- 
talnad  by  Aa  ceatMnad  affaets  of  tampacatun  and  avapotatlon 
should  inpoaa  a  pcadoadaantly  ascandiog  Hand  to  tha  soil 
nolstun.  As  far  as  soil  focnatlon  is  coocacnad,  howavar.  tha 
(act  to  astabllsh  is  twhathar,  doe  to  tha  paucity  of  soil  mois- 
ture, water  mlgntioik  ooours  mainly  In  a  liquid  or  In  a  vapor 
phaaa.  A  pravatant  vapor  plnaa  will  stiongly  impede  ftirthar 
daimlopmaiit  at  iha  wM.  A  cnmWnad  liquid  and  vapor  phaaa 
ttrtU  atlU  pamtt.  «vwt  If  at  low  nwgnltnda.  a  oonttnuatlon  of 
BOU  faraiation. 

An  analysis  of  literature  sho-.v5  that  movement      ^.q  i.i 
water  may  occur  at  a  very  low  moLimre  range.    Richard  and 
Weaver  ^20]  report  that  water  In  sand  .itiU  mnve.i  at  a  tun.iion 
of  15  atmos.    Migration  of  liquid  water  ir,  .sar/d  at  a  moisture 
level  of  O.S  and  i.0%  was  tielectcd  hy  '.Vheeting  i  2  1 1 .  Smith 
[17^  indicates  that  moisture  movements  due  to  temp-oratiire 
gradient  are  confined  to  funicular  water.    The  optimum  is 
reached  when  the  relative  humidity  in  the  soil  is  -jbout  to 
99%.    Migration  ceases  near  moisture  equiv  n-'^v 

An  adverse  factor  for  this  migration  is  jow  temperature, 
which  ter.d;;  lo  locren.ie  the  vlscoidty  of  water.    In  iho  .-noisture 
range  present  m  pr.ifjle  3 'i ,  water  is  m-ainly  hold  as  a  thin  film 
arourid  the  soil  particles,  and  II  is  unl lively  that  it  would  Iw; 
frozen.    Lovoll  l2:'. .  has  demonstrated  that  substantial  portions 
of  water  remain  unfrozen  at  temperatures  as  cold  as  -23^C. 
This  is  especially  true  at  low  moisture  ranges  where  the  freez- 
ing point  depression  is  greatly  controlled  by  suction. 

A  simple  experiment  previously  described  indicates  that 
undar  tha  Inpaet  of  a  tharmal  gtadlant,  liquid  soil  laolaiiiiia 


P*rc«nt  Moitt«r« 

Pig.  3.  Diuraal  aell  iMlatuM  in 
profila  34 

moved  toward  the  warm  side— as  evidenced  by  an  irvcreaaa  In 
salt  content  at  this  end.   The  origins!  moisture  content  of  tha 
soli  was  1*.  the  same  amount  as  recorded  lo  the  lower  part  of 
profile  34.    This  migration  look  place  with  a  continuous  teni- 
perafurc  gradient  ten  times  grcat'-r  than  the  one  retiorded  in  the 
field.    Rollir.  ot  -al  TlS'i  and  Trolo  [  19]  report  that,  while  the 
magnitude  of  a  temperature  gradient  affects  the  flow  ar.d  dis- 
tribution of  moisture,  it  does  not  altar,  within  certain  limits, 
tha  qualltatlm  natura  of  tha  pneaaa. 
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0  S         K)         IS        20  24 

Hours 

rig.  4.  Dally  temper^itjre- tiuc-.LAUona  «t  fh*  surfoo*  and  at 
10  cm  abov*  th«  soli  in  proiile  34 

The  preserce      '3         ennchea  Layer  noGr  the  surface  of 
profile  3^  nay  f^sy.  fls  '.VTieetiri':;  has  shov^n,  an  addiliotval 
role  ir.  attract;r.ci  wster  toward  the  surface,    t)-,  the  .■^thor  hartd, 
the  same  ."islt  ccncentiatlon  ma/  also  act  as  a  Darner  tor  mois- 
ture mlgratiO-i.    Or.  the  basis  ol  ill  the  information  collected, 
one  connat  o'ltrtbUsh  corvcluslvley  whc-t.her  or  not  licjuid  water 
migrBt):">^  cjr-  !Sow  at  the  present.    It  liijjii::  .-i  iu-r.^iio.'-. 

should  take  place,  st  would  bo  Umitotl  to  tho  Itv.vi-r  p.irt  ol  the 
;jrofile  below  tho  saline  layer.    These  concl usmni  arr-  .ils'i 
vaiid  for  prohlas  4  and  7  which,  together  with  pfOUla  34,  ar* 
dailvad  tnm  «iMa  of  miy  Umitad  molitura. 

An  asUnly  dlftmnt  tllvallon  with  regard  to  watar  avalla- 
bUlty  la  oifand  fay  pioflla  13.  Thla  proUla.  oonslatina  of  a 
man  layiar  of  drift  paatlnv  ea  tin  lea  of  Um  Loww  Wilflit  <3la« 
ei«r>  •lihoiiob  far  Itam  dli^layUm  tha  norpholegy  of  a  nmnal 
WfoU  ptofUe.  owitalaa  tta  Inelplant  faatma  eoamon  to  ahunle 
•oUa  of  Hw  raflloii.  Wtot  nukaa  thla  aoll  uidqua.  hoiravar,  la 
tlMabuindanoaafiratar.  Molatm  maaamaioMa  for  Daeaaibar 
and  jBtmaiy  nwmI  eaadltlona  appnodiaatlns  aatantlon.  vfhilo 
a  faw  hundrad  yaida  away  on  the  anretnea  of  tha  iinamaduta 
staQO  of  tiio  Melogy  Glaelatlan  an  axtraawly  dry  onvilonawnt 
aodata.  ttpwaid  aiovanant  of  eapUlaiy  wMar  takoa  plaoa  undar 
Ow  infiuanoa  of  a  ahatp  aeiatun  ^mftant  Mintatnad  hy  a  oon- 
stant  waporatlon  of  tha  auifaea.  Of  tha  inoonlns  aolar  radia- 
tion that  stitkaa  thla  vonaac  of  drift,  onty  a  portion  la  loft  to 
nolt  fba  loo;  the  mat  la  uaad  la  providing  anaiw  lot  ovapoca- 
tlon  and  Iota  by  the  outgoing  isdlationa. 

As  the  thickness  of  this  layer  increases,  the  rate  o(  ablation 
decreases  unlll  ablation  ceases,  and  tho  Ico  is  prosorvod  from 
direct  melting    2  ■'     T:-i=       exemphfioi  by  the  tce-cored 
moraines  of  the  mttin.eajate  stage  (TrioioQy  GUaciation)  where 
the  Ice-cemented  layer  has  receded  belcnv  the  point  where, 
under  the  present  cli.Tiate,  no  further  melting  can  occur.  Mois- 
ture tr*n-ifi>r  Irox  this  point  crin  or.ly  take  pl.^ce  through  subli- 
inatlon  o(  tho  icG-cetr.enlcC  layer  which,  unjess  replenished, 
will  tend  to  deplete  with  time.   In  well  drairved  site.s.  however, 
the  net  balance  Is  negotlvo;  tho  ice-cemented  ;.-iy(!r  lo.se.s  more 
water  th.an  it  tjains-    Consequently,  early  glar  mted  /ire.is 
should  display  a  thicker  soil  layer.    Tiold  observ^iltons  (jlOfig 
a  transit  starting  frorr.  the  yourtqer  to  the  ol  ior  moraines  of  the 
Tnology  Glaclatlon  show  clearly  that  depth  to  the  Icc-comonted 
layer  ti!nds  to  inori'rt.se  from  15  to  78  cm.    Measurements  were 
tAkcn  on  comparable  positions  with  regard  to  slope  and  expo- 
!:urc:  tops  of  V:nobawora  flhoaen  whore  anosrdooa  not  tend  to 
accumulate. 

60 


Soli  distribution  along  a  transit  from  old  to  youivg  glacial  de- 
posits of  the  Trlology  Glaclatlon  has  shown  that  soil  (ormation 
and  aga  of  deposits  go  hand-ln-hand.  While  the  nature  of  the 
pKceitac  remains  virtually  the  same,  older  soils  show  anao- 
oanttiatlon  in  toil  development  and  in  soluble  constituents. 
Tha  pfogreailve  enrichment  of  products  of  decomposition  in  the 
piotile  la  evident  tkom  paitlal  chemical  analyua.  Soluble  salt* 
atieh  aa  NaCl.  CaS04,  and  M«fl04 .  at  idenUtiad  fay  X-ray 
analyala,  are  najor  eonatltuanta  affected  by  water  nlfliatlon. 
Sinee  leaching  la  at  a  vary  low  level,  theao  pradticta  tend  to 
persist  In  the  aoll. 

Chemical  weedMrlng,  often  dlaeaided  or  oontidered  negli- 
gible for  polar  regions,  appears  more  and  more  evident  In  the 
course  of  recent  studies  in  Antarctica.    Glazovskaia  [l], 
Markov  ii],  and  Gibson  [24]  have  diecuaaed  weathering  in 
Antarctica  and  all  agree  that  tha  Ubamtlon  of  tome  soluble 
aalti  18  a  direct  reatilt  of  oontanpoeanaoue  cheoucal  altera- 
tien.  Weathering  alona,  hewevor.  cannot  aeeouM  for  the  ex- 
tenalve  concentration  of  salts .  Chlorides,  a  pradomlnant  form 
of  salta  In  Lower  W^tght  Valley,  are  commonly  tevorted  In  arid 
ragloaa  and  in  evapoilte  aedlments.  Their  cflgln  may  be  poly- 
genic InaamAch  aa  paat  voloanle  aetlvitloa  and  airbema  aalta 
from  the  ocean  any  hsvo  oontrlbuted  to  their  aceumulatlon  in 
tha  valley.  The  oocumnoe  of  chlorldee  In  other  araea  of  Ant- 
arctica, lacking  evldanoe  of  voleenlo  aetlvitloa  and  fv  from 
an  open  sea.  auggaaia  that  the  ohioildoe  were  probahly  derived 
ftom  weathering  of  local  loOka.  For  the  auliatas.  Nlchola  Cdl 
aiiggaatad  a  reaction  boiwaan  aulfuMc  add  produced  fkom  oxl» 
dation  of  pyrlia  and  oatlona  auppUod  by  adnarala  pmaant  m  the 
aoll. 

Soli  davelopBiont  on  the  Trlology  amiaines  la  doaaly  ralatad 
to  the  gledal  hlatory  of  Lower  Wtigfat  Glaelar.  WImd  lea  atood 
acme  S  to  C  miles  weal  of  the  proaent  pealtlott.  eenditieaa  In 
front  of  the  glacier  wen  not  very  dlftamnt  bom  now.  Ifacll- 
mata  almllar  to  the  preaant  one  le  postulated,  then  tho  adla  in 
front  of  the  glacier  were,  aa  thoy  aim  now,  well  auppUed  with 
water.  During  this  period,  thereSare.  haoauae  of  prevailing 
upward  water  ailgratlon.  aalta  and  other  aolublo  materiel  were 
translocated  to  tha  aurtooa.  This  aetlwa  stage  ti>  water  mlgra- 
tica  wovld  tend  to  rapaat  ttmU  along  tho  valtey  as  the  ice 
ptograsslvety  retreated.  Soil  formation  followed  the  retreating 
ice  (tont  end  continued  until  liquid  water  could  still  move  in 
the  medium.  Vapor  aiovaaianta  upon  condensation  can  provide 
molatura  lOr  hydmtlon  but  oannot  eetuato  iMdc  tnnsfer.  In  the 
eourae  of  time  Intermittent  adld  aaaaena  awy  have  piodaead  a 
temponary  iDcraaae  in  water  supply  thraugh  addittmial  mww 
moltteig  or  local  aeepage.  Thla  would  Maellvata  tha  pmeassea 
ftot  had  become  dorsiBnt  or  had  oooie  to  a  halt.  Duo  to  the 
high  solubility  of  the  oompounde  preaent  In  the  soil ,  e  adrmr 
augnMnt  in  the  water  regime  will  affect  grsatly  the  mofalllty  of 
these  sslts.  Ance  aaroble  oondltons  piwrell.  tha  aufaotretum 
is  gmdually  oxidised  and  reddish  colore  aio  common  in  older 
conditions.  Sslts.  and  too  eaitata  degree  ftoe  Iron  oxides, 
may  than  ha  used  aa  entaita  for  aoll  dawotopment. 

CONCLUSlQiNa 

•Soil  formatifu.  .t:  j.rtclated  areas  of  Lower  Wright  Valley  takes 
place  urder  very  and  conditions.    Only  limited  areas  next  to 
the  glacjnr    or  where  the  ,3jc.;:ioi  ice  or  Ice-cemented  layer  is 
near  the  5ur1ace,  may  enjoy  a  :ol.3tlvi}ly  moist  regime.  Soluble 
salts  tcr.d  ty  accumulate  at  the  surface  as  .i  re.sult  :;;  upwnrd 
water  .migration.    Well-drained  sites  r,-3t  resupp.ied  with  water 
from  melted  snow  show  a  depletior  o;  the  •.rc-cemented  layer 
wit.h  ume  ,    Consequer-.lly ,  the  solum  ter.ds  to  become  thicker, 
Siilt  accumulation  ana  degree  of  oxidat,-ir. ,  together  with  the 
thiCkrwL;:.;  ol  th<.!  ■■oil,  .may  be  .j.'iirJ       critena  for  soil  develop- 
ment.    .Some  o(  the  soils  in  the  nn^ri  prolxibly  are  no  longer 
(ormlriij,  ■■:.'imc  .no  active  only  below  the  hii.ifeiou.-',  layer,  and 
some  arc  entirely  active.    Only  ,^  .-itudy      w.iter  regime  can 
establish  .5t  what  stage  a  soil  may  be.    Interoiltent  oi  cyclic 
warming  periorls  may  provide  additii^r.oi  moisture  .jnd  rcMctiv.ste 
processes  that  have  ceated.  Among  the  soils  examined,  how- 
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•VM,  it  seems  that  the  processes  occurring  on  lh«  active  totll 
am  nm  qualitatlvaly  dlffamit  from  tba  cmas  which  oeciimd  In 
tba  paat. 
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MASSIVE  GROUND  ICE 
PANEL  2b 


CONTRACTION  THEORY  OF  ICE- WEDGE  POLYGONS:  A  QUALITATIVE  DISCUSSION 


ARTHUR  H.  UCHENBRUCH,  Geophystcttt.  U.S.  Geological  Survey,  Menlo  Park,  Calif. 


The  upper  ten  meters  or  so  of  permafrost  often  contains  verti- 
cal vein-like  masses  of  foliated  Ice  thai  intersect  one  another 
to  form  a  honeycomb  structure  with  a  mesh  commonly  on  the 
order  of  a  few  ton's  of  motors-   The  veins  of  ice  are  called 
"ice-wedges"  (Fig.  1).    Differential  thawing  of  surflclal  ma- 
terial sometimes  etches  out  troughs  on  the  surface  above  Ice- 
wodges.    Such  troughs  delineate,  on  the  ground  surface,  the 
trace  of  the  ice-wedge  honeycomb.   When  this  surface  pattern 
is  obvious  It  is  referred  to  as  "ice-wedge  polygons"  (Figs.  2, 
3,4).   ("Polygon"  referred  to  grourtd  patterns  generally  means 
a  closed,  roughly  equldimensional.  figure  bounded  by  several 
sides,  some  or  all  of  which  may  be  curved)  ■ 

Ice-wedge  polygon  patterns  closely  resemble  patterns 
formed  by  cracks  in  drying  mud,  a  phenomenon  to  which  they 
are  related  in  a  fundamental  way.   The  sizo  of  polygons,  and 
hence  the  spacing  of  Icc-wodgos,  varies  from  a  few  motors  to 
moro  than  100  m,  and  the  depth  of  wedges  varies  from  a  meter 
or  so  to  more  than  10  m.   Wedges  may  be  one  centimeter  to 
several  meters  wide  at  the  top  and  they  commonly  taper 
downward. 

As  ice-wedge  polygons  are  the  most  conspicuous  surface 
feature  over  tens  o!  thousands  of  square  miles  of  arctic  ter- 
rain, they  have  been  widely  discussed  by  arctic  travelers  with 


Tig.  1.    Intcrscclton  ol  three  ice- wedges  exposed  on  an 
undercut  bank  of  Clson  Lagoon  near  Barrow,  Alaska  (photo 
by  Gordon  W.  Greene) 


backgrounds  in  many  disciplines  and  are  the  subject  of  an  ex- 
tensive literature.    During  the  last  decade  there  has  been  an 
increasing  interest  In  Ico-wodges  on  the  part  of  Pleistocene 
geologists  with  the  growing  realization  that  they  can  yield 
much  information  about  past  climatic  and  geomorphic  events 
II,  2,  3.  4],    Surprisingly,  the  subject  has  received  very 
little  attention  from  American  engineers  in  spite  of  the  fact 
that  differential  thawing  of  ice-wedge  polygons  is  one  of  the 
most  conspicuous  causes  for  failure  of  structures,  roadways, 
and  airfields  in  the  Arctic  (Fig.  S). 

Many  hypotheses  for  the  origin  of  ice-wedge  polygons  have 
been  advanced.    Historical  accounts  and  detailed  discussions 
In  the  English  language  can  be  found  in  comprehensive  works 
by  Lefflngwell  .3.  5],  Black  [7,  8,  9]  and  Washburn  [  10 j  , 
One  hypothesis,  the  so-called  thermal  contraction  theory, 
seems  to  have  overwhelming  evidence  In  Its  favor  and  is  sub- 
scribed to  in  one  form  or  another  in  most  of  the  recent  work 
L  2 ,  7 ,  8 ,  9 ,  1 1  to  1  6 J.   It  wa  s  first  set  forth  clearly  by 
Lefflngwell  li,  6]  whose  discussion  is  summarized  [Hj  as 
follows: 

During  the  arctic  winter,  vertical  fractures  several  milli- 
meters wide  and  a  few  meters  deep  (Fig.  6A]  are  krx>wn  to 
(orm  In  frozen  tundra— a  process  generally  accomparued  by 
loud  reports.   They  are  assumed  to  be  the  result  of  tension 
caused  by  thermal  contraction  of  the  tundra  surface.  In 
early  spring  It  Is  supposed  that  water  from  melting  snow 
freezes  in  these  cracks  and,  with  accumulating  hoarfrost, 
produces  a  vertical  ice  vein  that  penetrates  permafrost 
(Fig.  6B) ,    Horizontal  compression  caused  by  reexpansion 
of  permafrost  during  the  following  summer  results  in  the 
upturning  of  permafrost  strata  by  plastic  deformation.  In 
the  winter  that  follows,  renewed  thermal  tension  suppos- 
edly reopens  the  vertical  ice-cemented  crack  which  is 
presumed  to  bo  a  zone  Of  weakness.   Another  increment  of 
ice  is  added  when  spring  meltwater  enters  the  rertewed 
crack  and  freezes.    Such  a  cycle  acting  over  centuries,  it 
Is  argued,  would  produce  vertical  wedge-shaped  ice 
masses  (Fig.  6C  and  D) .    The  polygorul  configuration  is 
generally  thought  to  be  a  natural  consequence  of  a 
contraction  origin. 

Such  a  qualitative  hypothesis  poses  many  questions,  the 
foremost  of  which  is .  "Will  it  work  ?':  i.e.,  are  these  proces- 
ses compatible  with  thermal  and  mechanical  properties  and 
thermal  regime  of  the  terrain  In  which  they  arc  supposed  to 
occur?  In  an  attempt  to  answer  this  question  and  to  gain  a 


recentiv  drained  lake  bed.  Northern  Alaska  Northern  Alaska 


Fly.  4.  Onented  orthoyonal  Ice-wedge  polygons  associated  with  ro^rosslng  shorelines  In  Northern  Alaska.  A.  Rec- 
tangular pattern  generated  long  ago  by  the  draining  of  large  lake  basin,  limits  of  which  are  seen  in  upper  left,  upper 
right,  and  lower  right.  That  small  lakes  (containing  ice)  are  growing  can  be  ascertained  by  their  discordant  relation 
to  pattern.  B.  Pattern  generated  on  slip-off  slopes  by  migrating  meanders.  C.  Recession  of  bluffs  bordering  Arctic 
Ocean  (bottom)  is  causing  lake  (remnant  in  left  center)  to  drain.  Oriented  orthogonal  system  developing  where  slope 
ts  steep  enough  to  give  slow  regression.  D.  Radial  pattern  caused  by  regression  of  estuarlne  shoreline  toward  lower 
left 
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Fig.  S.    Roadway  tiestroyea  by  thawing  of  Ice-wedge  lops  at 
Umiat,  Alaska.  Gravel  fill  was  not  thick  enough  to  replace  in- 
sulating effect  of  the  organic  mat  which  tt  destroyed  (photo  by 
Gordon  W.  Greene) 


better  understanding  of  the  mechanisms  Involved,  the  theory 
was  Investigated  from  the  physics  viewpoint  insofar  as  exist- 
ing data  warranted  [14.  17].    The  present  paper  contains  a 
qualitative  discussion  and  elaboration  of  some  of  the  findings. 

SOURCE  OF  THE  STRESS 

In  the  Arctic,  temperatures  at  the  earth's  surface  fluctuate  on 
the  order  of  2S''C  about  the  mean  through  the  combirted  effects 
of  changing  seasons,  and  shorter  period  random  and  diurnal 
changes.   More  than  90%  of  this  fluctuation  is  confined  to  the 
surflcial  10  m;  at  a  depth  of  20  m  temperatures  remain  steady 
attd  always  within  a  few  hundredths  of  a  degree  of  their  mean 
annual  value  [18],   When  temperatures  fall  In  winter,  surflcial 
layers  "try"  to  contract  but  they  are  constrained  by  the  stable 
underlayers.   Thus,  surface  layers  are  stretched  in  a  sense, 
although  no  observable  displacements  occur.   This  invisible 
stretching  is  best  visualized  by  Imagining  the  ground  to  be 
made  of  horizontal  thin  lubricated  plates  which  are  dissected 
by  vertical  cuts.    As  surflcial  layers  cool  the  plates  would 
contract  causing  the  cuts  to  widen.   The  thermal  stretching 
("thermal  strain")  is  that  which  would  be  caused  by  forcing 
closing  of  the  cuts. 

Thus,  horizontal  thermal  strain  is  easily  calculated  as  the 
product  of  the  expansion  coefficient  and  the  change  In  tem- 
perature from  its  Initial  value.   (Thermal  strain  is  generally 
greater  where  the  ice  content  is  high,  as  the  expansion  co- 
efficient of  ice  Is  atiout  five  times  that  of  most  silicates).  It 
is  the  stress  produced  by  this  stretching,  however,  not  the 
Strain,  that  determines  whether  cracking  occurs.   To  determine 
stress  from  a  complete  knowledge  of  strain,  It  is  necessary  to 
know  how  the  two  are  related,  (the  "deformation  law"),  for  the 
medium  of  Interest. 

Because  little  Is  known  about  the  relationship  between 
Stress  and  strain  for  various  permafrost  materials,  it  is  not 
possible  to  make  a  direct  stress  calculation  from  a  knowledge 
of  the  temperature  (and  hence  the  strain)  with  confidence.  An 
alternative  approach  to  the  stress  problem  Is  to  look  (or  a  de- 
formation law  that  will  do  the  )ob  required  by  the  contraction 
crack  theory,  and  i(  one  Is  found,  to  see  whether  or  not  it  is 
excluded  by  the  fragmentary  laboratory  evidence  [  19,  20  ',. 

For  example,  permafrost  materials  seem  to  behave  elastl- 
cally  in  response  to  the  rapid  deformation  associated  with  the 
transmission  of  sound  waves.  If  we  assume  that  they  also 
behave  elastlcally  in  response  to  the  slower  natural  thenral 
deformations,  the  stress  would  simply  t>e  proportional  to  tne 
amount  that  the  temperature  drops  from  some  reference  tem- 
perature (taken  to  be  the  mean  annual  value) .   Then  using  the 
•lastlc  constants  daterminod  from  sound  transmissions,  we 


find  that  stresses  on  the  order  of  the  tensile  strength  would 
develop  in  ice- saturated  frozen  ground  when  the  temperature 
dropped  only  2'  or         and  general  cracking  would  occur 
early  in  the  fall.    Furthermore,  mid-winter  thermal  stresses 
would  bo  an  order  of  magnitude  greater  than  the  strength,  and 
open  cracks  should  occur  everywhere  with  a  horizontal  spacing 
no  greater  than  crack  depths  [  14].   As  those  things  do  not 
generally  happen,  simple  elastic  behavior  must  be  excluded. 
Altornativoly ,  If  laboratory  tests  were  to  reveal  elastic  be- 
havior, the  contraction  crack  theory  would  have  to  be  Judged 
incompetent  and  discarded. 

If  a  viscous  deformation  law  Is  assumed,  the  stress  would 
not  be  proportional  to  the  amount  that  the  temperature  drops, 
as  in  the  elastic  case,  but  to  the  rate  at  which  it  drops.  (The 
net  effect  of  the  viscous  flow  is  to  cause  vertical  thinning  as 
the  ground  Is  stetched  by  horizontal  tension.)   Then  if  the 
viscosity  IS  adjusted  to  give  the  required  stress  at  the  ground 
surface,  stresses  at  the  top  of  permafrost  are  unreasonably 
low.  for  field  evidence  suggests  that  some  cracks  initiate 
there  (as  explained  in  the  next  section) . 

Thus  the  analysis  of  these  simple  models  suggests  that 
stress  Is  not  simply  proportional  to  either  amount  of  cooling  or 
rate  of  cooling,  but  that  it  depends  upon  them  In  a  nonlinear 
way.   Glaciologlsts,  experimenting  with  polycrystalline  ice 
under  similar  stress  regimes,  have  also  found  nonlinear  be- 
havior.21,  22,  23,  24J.   They  commonly  describe  their  results 
by  a  "power  law"  wherein  stress  Is  proportional  to  a  fractional 
power  of  the  rate  of  deformation. 

Using  such  a  relation  with  the  experimentally  determined 
parameters  for  polycrystalline  ice  leads  to  a  thermal  stress 
regime  in  permafrost  consistent  with  the  observed  temperature 
regime  and  the  mechanical  requirements  of  the  contraction 
theory  of  ice-wodge  polygons  l14j.   In  these  relations,  the 
parameter  playing  the  role  analogous  to  viscosity.  Increases 
sharply  with  decreasing  temperature,  with  the  result  that  much 
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Fig.  6.  Schematic  representation  of  the  evolution  Of  an  ice- 
wedge  according  to  the  contraction*crack  thaory 


laterial 


gtMttr  tmilon  U  d«v«lop«4  at  a  gtvan  eoohng  nia  whan  It  la 
eoeumng  at  a  kMrar  tanpaiatuia  (l.a. ,  tha  laatailal  la  laaa 
plaatie  at  low  taaipantiira). 

Mthouoli  tfa*  pemat-Um  bahavler  la  not  InoonalaiaM  wMk 
arailaUa  ai^MliMBlal  taaulta,  muir  ethar  ihaelosleBl  modala 
aqually  «oaalaiaat  with  tha«  tmuM  alao  otaat  <ha  raatilcrUoai 
Inpoaad  by  tlw  eoaltmsUon  thaory.  Thua  additional  laliomiary 
wwfc  OB  tha  datEwnatkm  of  tha  «nat  vadaty  of  nataitela  oallod 
"pacawboat"  la  aaadad  to  raClna  our  knowladva  of  natumlly 
oeewiliig  thacnial  atraaa. 

ORMSiiiornisciMCU 

noiB  tha  dlaeuaalon  of  tiianaal  atiaaa.  It  aaama  elaar  diat  both 
low  tanpantuM  and  npid  cooling  rataa  faivor  laiga  atraaaaa, 
and,  aa  tatb  of  ihaaa  i|uantltlaa  attain  graatar  axtraataa  at  tiia 
ground  awfaea  Hwa  at  dapth.  tha  graataat  thanaal  tanalona 
probably  davalop  at  ground  aurfaea>  It  would  thanfOra  aaam 
mtuni  to  Infar  that  nouRlng  oontraetlon  enefca  that  glva  iiaa 
to  Iw'wadgoa  amat  IniUata  at  tha  ground  auriaea.  Ihla 
intafane*.  bowovar.  laada  to  a  pandox.  baoauaa  many.  If  not 
awat,  leo>w«dgai  hava  no  iuifica  axpnaaloni  thay  aro  ovat- 
laln  by  15  to  100  em  of  nlattvaly  homeganaoua  aellva^layar 
matailal  wblch  la  thawad  and  neamantad  annually.  Hanoa, 
tiian  aaaoia  to  be  no  good  raaaon  why  endia  inltlalad  at  tha 
grouiid  wmtuom  ahould  laciir  ovar  buflad  Ica-wadgaa.  Wbaro 
wadgoa  aw  ovarlala  by  trougha,  tha  altuatlon  la  even  mon 
puisllng ,  aa  tha  Inautoting  affoot  of  anow  acoumulatlng  in  tba 
twugba  would  tond  to  maiea  tho  tnugha  low  ainaa  replona  and 
aelually  dlacouiaga  enek  Initfattan  ovar  loa-wadgea. 

It  tharaloaa  aaama  llkaly  that  tha  racumng  encks  that 
eauaa  Uia  growth  of  moat  iea-wadgaa,  Inltlata  la  the  topa  oi 
Ice-wedges  beneath  the  actlvo  layer,  la  aoeh  eaaaa  wadga 
Ice  muat  be  to  much  weaker  than  the  £n«aa  aetlva  layer 
aadlatanta  that  it  cracka  Hrst  in  spite  of  tha  fact  that  it  is 
aubjeet  to  leas  stress,  taboratory  results  suggest  that  wedge 
ioa  la  Indeed  weaker  than  most  ice  cemented  aadlment,  but 
more  measuramanta  an  needed  Lpp.  8,9.  ref.  14].  If  the  ac- 
tive layer  should  have  little  or  no  strength  (e.g. ,  where  It  it 
dry  soil) ,  recunent  local  cracking  from  the  lop  o(  permehost 
to  foim  wedges  is  still  to  be  expected  as  long  aa  the  petDna- 
frost  Itself  Is  stronger  than  the  wedge  ice.  Where  the  fiosen 
active  layer  la  only  slightly  stronger  than  wedge  Ice.  or  the 
permafrost  is  no  stronger,  it  is  unlikely  that  cracks  would 
recur  systematically  to  lorm  well  delined  ice-wedge  polygons. 

It  would  seem  from  the  above  discussion  that  criteria  for 
the  cracking  of  Ic-v/filgr":  d.o.  ,  ior  'Aw  rtctivity  or  dor:n.!incy 
Of  ice-wedge  polyyons)  arc  most  easily  iornul-^tr-J  in  terms  of 
conditions  at  the  lop  nf  permafrost,  rjot  those  at  the  cjrriund 
Siirface.    Tor  exarr.plc,  if  permafrost  has  the  nec.iamcal  prop- 
erties of  pc'lycrystalline  ice,  and  wedcje  ice  has  a  tensile 
strer>gth  of  3  to  5  bars,  then  ice-wedf;e  growth  imsTfit  b<?  ex- 
pfCtt^Ll  where  Tilni.Tijn",  winter  tenp-eratures  Aiv  t>elow  riboul 
-IS  (o  -2C'C  at  tht;  top  of  permafrost,  b<;c.iui,<i  cooling  r.jti-L; 
common  st  the  top  of  permafrost  could  lead  to  lh<-  ti<-t  i  :.is,jry 
stress  at  auch  lenipt-rrii jres  [14]  .    (It  Is  worth  noliny  that 
thermal  ooncitions  at  the  top  of  pi.tn.!;tor:t  ,ii<«  much  more 
uniform  from  pina-r-  to  plAi  e  th.^n  thor^o  at  a  yiven  depth,  say 
10  cm,  as  th'"  i-flcrfj  ol  v.^r^odon  from  place  to  place  of  cli- 
mate and  thcrmeil  properties  o{  the  surilctal  material  are  to 
some  extent  compensated  by  the  vBiylng  thlcknaaa  of  tha 
active  layer  :  ?5  ]) . 

Although  the  rec'_rnr.g  cr.»ck-;  t.'i.ii  c,3u:;i-  yrowth  of  ice- 
wedges  evidently  initiati'  r-.e-nt  tho  top  ol  pcrTufrost,  the  origi- 
:.(il  I  racks  that  start  ico-  Acdyes  and  determine  their  locations 
probably  Initiate  at  the  yn^und  surface.    Both  kinds  of  cracking 
must  occur  whore  new  wed^er.  are  forming  andOldOnaa  ata 
growing  (e.g.  ,  tho  Al,3skan  arctic  slope). 

MECHANICS  OF  FRACTUR£-CRACK  DEPTH 

Up  to  this  point  ;t  li.=i/;  l.vfn  t.icitlv  .ii.suiiied  that  a  crack  will 
initiate  ir-.  ri  giviTi  inr  lui'n  il  .im:  '.vhon  the  ten«.lle  f.troF.s  ex- 
ceeds some  critical  value— the  "tensile  strength."  However, 
for  an  undeir standing  of  tha  eiaoka  that  lead  to  loa*wadgaa  In 


pannaboat.  It  la  nooaaaaty  to  oonaMer  tho  wachanlea  of  frac- 
tura  In  men  detail,  fbr  thta  purpoao,  we  shall  uao  the  tbaoiy 
of  toeturo  davatopad  by  GMfttth  lit,  27]  for  bilttlo  nmdla  and 
aicMndadbyIiwin[2S,  29.  SOlandbyOwwantailtomato- 
ilala  that  undmge  leoal  plaalle  dofecmattoit  tmdar  atraaaaa 
attending  imeturo. 

It  takoa  onaigy  to  langthaa  a  eraefc.  flrat  to  ovarooaia  the 
forces  of  oohaaion  to  produce  now  atirfhcaa.  and  aaeond.  in  a 
brlttle«plaatle  medium,  to  do  tha  woric  of  plaalle  dalbnaatton 
In  the  region  of  elevated  stress  naar  the  crock  up.  iul  when  a 
tension  etaok  langthena.  It  rallavaa  aema  of  tha  lanaton  that 
produced  It.  and.  hance,  atnla  energy  is  nieaaad  llrom  tha 
nadlum.  This  Is  the  source  of  energy  required  far  creek  ex- 
tension. Thua.  a  enefc  will  lengthen  If,  end  only  If.  by  ao 
doing  It  re  losses  at  least  as  araeh  {strain)  eneigy  aa  It 
eonaumaa  naar  tha  enek  tip. 

In  •  medium  under  utdfotm  toasioa,  tho  amount  of  atreln 
energy  (G)  released  with  the  enation  of  a  new  souars  eantt- 
■Mtar  of  eiaek  aurfaea  laenaaaa  with  tha  langlh  of  the  enek 
and  tha  magnitude  of  ifaa  tension.  Aa  Aa  appUad  tonaion  la 
Incnaaad  In  a  brtttlo«piaatle  medium,  a  value  of  (Gt  la 
reaohad  at  ti^di  email  flaws  start  to  grow  and  eealaaoa  to 
(ana  minute  cmcke.  The  growlag  erocka  mlaaaa  prograaatvoly 
mora  atroln  anasgy  by  virtue  of  their  Inereaaad  laiigtti.  but  at 
tha  aama  time,  tha  alao  of  Hie  plaatie  aoaa  naar  tha  Up  giewa. 
and.  hanea.  ao  dooa  tho  ntt  of  enoigy  eoasnmptlon.  If  the 
nto  of  energy  eonaumpUon  overtakea  the  nte  of  energy  ve- 
laaaa,  enek  growOi  atopa.  and  It  will  not  atort  again  until  the 
apipUad  atrass  is  tnenaaod  furttiar.  8oeh  a  proeasa  la  called 
"atoUe"  crocking,  baoauaa  it  la  self- attesting  l33] . 

As  encks  continue  to  lengthen  stably  In  a  brittle- plastic 
medium,  the  Inereese  in  plestlc-aone  sice  becomes  relatively 
less  important,  and  ultimately  a  crack  length  it  reached  at 
which  the  rate  of  energy  release  is  growing  fester  than  the  rate 
of  energy  consumption  with  increesing  crack  length.  At  this 
point  the  crack  will  extend  with  no  further  increase  in  applied 
stress,  and  "unstable"  fast  fracture  begins.  The  applied 
stress  at  which  smell  cracks  commonly  attain  this  critical 
length  In  a  uniformly  stressed  specimen  ol  reesonablc  size  la 
called  the  "tensile  strength."  It  can  be  Identified  with  a 
critical  value  of  the  rate  of  strain  energy  release  (or  consump* 
tion)  per  square  centimeter  which  Irwin  [28.  29]  denotes  by 
Gj.-    Thp  higher  the  vaiun  of  Gc  for  a  medium,  the  greater  its 
resistance  to  fracture.    II  tho  rate  ol  enorgy  release  (G)  for  a 
glvon  crack  is  less  than  G^,  propagation.  If  It  occurs,  will  be 
slow  and  stable;  if  it  is  grvotcr.  excess  energy  is  available  to 
accelerate  crack  extcntiion  to  c.mis'>  f.jst  trocfuro. 

Very  likely  most  cracks  Ihal  cause  icc-wodgc  growth  initi- 
ate in  flaws  alor,-3  the  verticil  to^iatmn  near  the  top  of  the 
wedge-    They  prctobly  prop.jijate  upv.-ard  through  tho  hijhly 
slresscG  active  layer  to  the  surface,  attnininy  lanje  val'„es  of 
G  that  perrr.jt  them  to  extend  unstably  downv.'ard  through  the 
wedge  often  to  depths  oi  several  meters.    It  is  known  from  the 
sound;;  find  efirih  tremors  associated  v.ii;i  ice-wedge  cracks 
that  they  pircfiti j:)tt*  Lin/,t.-il;ly  G:, 

A^  whfir  di'pth  doi'';  thr  cnic.-.  f;IO(:  i'   11  th,-  mctiium  wore 

J  I::  rrr.  1  y  strnssed  .and  homoL;<'n("nj':i ,       wo.jIi;  i-:>rit;r.L.e  to  in- 
cr043  ?e  and  the  rriick  wnijld  i^'ejion  until  it  .iroke  the  medium 
(in  this  case  the  e.arth)  into  two  or  more  pieces      The  perma- 
frost 15.  o',  course,  not  uniformly  stre5sei_;  hec^jusu  tho  thermal 
tension  is  ccrfmed  to  the  surficial  lew  meters.'  at  depth,  the 
stress  IS  dominated  by  compresf^ion  resulting  from  the  weight 
of  overlying  material.    As  the  cract  qrows  downward  from  the 
surficial  tensile  zone  into  regionf.  o(  r  liciht  tenf  Son  and  ulti- 
mately into  regions  of  compression ,  !h'  tiit''  m  wh,'  h  it  re- 
leases strain  energy  diminishes  progressively.    Tho  crack  can 
b.-  i  xpm  sed  to  stop  at  that  depth  at  which  the  rate  ol  energy 
release  ceases  to  exceed  the  rate  of  energy  consumption  neat 
the  crack  upj  Or  appTOXimatoly  at  tha  depth  at  which  G  falla 

to  Gr 

the  variation  n;  stress  with  depth  Is  known,  it  is  possible 
to  calculate  (J  for  a  crac<  ol  any  depth  and,  hence,  to  esti- 
mate crack  depth  in  a  medium  of  known  G^..   As  Gc  has  not 
been  measured  for  permafrost  materials  (esumates  for  pure  ice 
have  boon  mada  by  Gold  [33].  it  la  naoaaaary  to  oatimata  Ita 
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value,  or  alternatively  to  bracket  the  estimate  of  crock  depth 

by  rtMiuming  reasonable  ujjjxT  oml  Imvi-r  limits  to  Gc-   A  safe 
uppvi  limit  to  crack  depth  can  always  be  obtained  by  tinding 
the  depth  at  which  G  teUa  to  swo  (aa      nust  always  ba 

greater  than  zero) . 

Calculations  based  on  measured  terrperafjre e  and  "power- 
law"  deformation  lead  to  theoretical  values  of  crack  depth 
consistent  with  t.lose  otiser'.'ed  In  northern  Alaf.ks  I  H  . 

It  In  corrifnonlv  a s jrr.eL:  that  a  lerjsiOr  crack  Will  r^ot  pene- 
tr«t<-  'J<'c(UT  th.-\n  the  .imhu-nt  ti*nsion.  but  will  'jiop  at  the 
»>euti<jl  hoiiion.    (11  this  wcro  true  it  wowld  not  (»•  josslble  to 
split  firewood.)   Actually,  a  '.crision  crack  car.  cr-ntir  jc  to  re- 
lease deformation  energy  long  after     penetrates  the  ambient 
compresslonal  stress  field,  and  most  ice-wedges  probably 
extend  much  deeper  than  the  tension  to  which  they  owe  their 
growth. 

It  is  worth  noting  that  the  eiiterior.  tor  crack  profiagation 
G  >  Gc.  implies  that  «  t  t.ir  k  can  atn-st  I'lthcr  if  G  Idll?  to  G^. 
or  If  Gj.  "rises"  to  G  ar.  the  cr.^ck  dec|.en';.    Thus,  in  n  i.trati- 
lied  medium,  cracks  which  .in'  ptop.^y.iti ny  unst.^hly  iniyht 
suddenly  arrest  after  rntenng  a  more  plasUc  stratum  (l.e.,orM 
with  ijroatcr  G^J .  Mary  ico-wedgaa  tMialnata  abniftly  Juat 

tjC'lnw  Stratification  hourdaries. 

SPACING  OF  THC  C?<ACKS- POLYGON  SIZE 

The  spaclrx]  cf  the  tension  cracks  that  determine  the  loci  of 
ice-wedgef.  (tho.se  that  initiate  at  ground  nurfrtce)  Is  probably 
determined  by  two  ;|u:te  Independent  factors:    (1)  Variation  In 
stre:»g;h  o!  surlicio.  n-itiTials  from  place  to  place,  and  (2) 
width  of  the  zone  of  stress  relief  surrounding  individual  cracks. 

Since  all  cracks  can  be  visualized  as  initiating  at  zones  of 
weakness  or  "flaws,  "  the  strength  of  a  material  depends  upon 
the  size  and  distribution  of  the  flaws  within  it.    The  larger  the 
flaw  the  lower  its  strength,  I.e.  .  the  lower  the  applied  stress 
under  which  it  will  grow  unstably  to  cause  fracture.  Large 
flaws  are  generally  less  common  than  small  ones,  and  in  most 
media  the  flaws  can  be  visualized  as  occupying  a  continuous 
frequency  distribution  ranging  from  large,  very  widely  spaced 
(rara)  (laws  to  small.  clo5<-ly  spaced  (common)  ones-  Thus, 
larga  samples  tend  to  be  weaker  than  small  ones  as  they  are 
more  likely  to  contain  a  larga  flaw.   Tensile  strengths  reporlad 
from  laboratory  teata  ara  m  measure  of  the  strength  of  the 
largest  flaws  that  ara  odaaion  In  samples  of  the  particular  size 
used.    Typical  measurements  of  the  "size  effect"  on  fracture 
strength  of  brittle  media  yield  strength  reductions  on  the  order 
of  20  to  50%  when  sample  size  is  increased  by  a  factor  of 
100  [30].   Thus  if  a  10  cm  sample  of  the  surficial  material 
has  a  tensile  strength  of  20  bars,  we  might  find  that  the  weak- 
asi  part  of  the  tundra  surface  over  a  10  m  dlaiane*  has  a 
atMngtti  of  10  bars:  over  1000  m  distance,  a  strength  of  S  bars, 
and  aoen. 

Aa  the  surficial  thermal  stress  builds  up  in  early  winter  in  a 
raQlOO  devoid  of  ice-wedges,  say  a  newly  drained  lak*  Inata. 
dM  atranvth  will  be  exceeded  first  at  the  laigaat  flaws. 
Cnwfcs  spreading  from  thesa  flaws  wUI  tiaoa  stoumis  eaursas 
across  the  tundra,  genefslly  IbUflwlng  sonss  of  weakness. 
Tbsy  will  be  widely  spaoad  baesttsa  lai«a  flaws  are  rare ,  and 
spacim  wtu  ha  irregular  baoausa  sucb  (laws  are  distributed 
randonly,  in  ganatal.  Each  crack  wUI  laUava  surftdal  thar- 
nal  stiass  in  its  nalghborhoed  and,  hanea,  will  ba  bordatad  by 
a  "aena  of  strasa  isUaf."  wiudi,  thaeratlcal  calculations  sug- 
gest ,  will  be  slffnlfleant  ta  hoilMntal  dlstaneas  of  a  faw  cradt 
depths  [17]  (dlstanoaa  on  the  order  of  S  to  50  la  la  northern 
Alaakd  U4]. 

A  aacond  paiallal  oadt  Is  tmllkaly  to  term  in  tiiaaa  aonaa 
of  Btiaas  rallaf .  a  faotar  tet  would  tand  to  kaap  tha  eiaeka 
ton  baooadn^  vary  closaly  spaced.  Howawar,  as  long  as  tha 
aidstliig  cracks  hava  an  avoraga  spacdng  fhat  Is  larga  xalatlva 
to  iha  width  of  thasa  sonas.  only  a  aawU  portion  of  tha  sur^ 
boa  will  hava  axparlanoad  stnss  rallaf  tnm  eneklng. 
(Strtetly  waaklng,  artaltiailly  satall  aammts  of  aliass  rallaf  ara 
aohlavad  at  arbttiatUy  laxoa  dtstaneas  from  a  cradt  [  14, 17], 
It  Is  uaaful  in  qualltstiva  discussions,  howsvar,  to  doflna  tha 
"wldfli  of  Iha  aona  of  alrasa  rallaf*  as  tha  width  of  tha  hand  In 
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Fig  .  7.   Variation  of  stress  over  the  surface  during  the  evolu- 
tion of  contraction-crack  polygons,  T  Is  the  thermal  stress  that 
would  exist  on  an  unfiesctund  surtooa,  and  Tg  la  tha  saiail- 
sample  strength 


which  the  stress  relief  is  at  least  a  few  per  cent  of  the  stress 
that  would  obtain  on  the  unfractured  surface.    In  quantitative 
discussions,  the  functional  dependence  of  stress  on  distance 
can  be  introduced.) 

Turthi-r  cracklr>g  under  irvcreasing  thermal  tension  will  ooif 
tln.j'-  to  be  dominated  by  the  positions  of  randomly  dlstrlbulad 
flaws  (rigs.  7A  and  .  At  this  stage  the  crack  spacing  would 
be  so  Irregular  that  stost  observers  would  be  reluctant  to  call 
tha  resulting  pattern  "polygonal."  Crack  pattams  In  this  staga 
ara  sometimes  seen  m  the  basins  of  recently  dninad  lakaa  in 
paraiafnist  tarraln  (Fig  ■  2) . 

As  the  tharmal  tension  conunues  to  inetaasa  (first  with  tha 
progressing  aaaaon,  and  later  with  the  ocemranca  of  unusually 
cold  years),  pnorasslvaly  "smaller  aamplaa"  of  the  tundra 
surface  fraotuia.  and  a  progressively  larger  portion  of  the  sur- 
face Is  subjaet  to  stress  rallaf  boa  existing  cracks.  When 
tharmal  tension  axoaeds  the  sttangtb  of  samples  that  are  small 
ralatlva  to  tha  width  of  lone  of  tMsa  rsUef .  heraaftar  called 
"soMU-aaBipla  strangtfa,"  awaiy  point  on  tha  sarfaea  is  subjaet 
to  atraaa  rallaf  froa  at  laast  ona  aaek  (Ftg.  7C}.  SMall- 
aanpla  atrangOi,  as  uaad  hasa.  Is  tha  atfaooth  of  a  sample 
which  Is  sbmU  anoupta  that  tba  vailation  of  straas  within  it.  If 
it  la  in  tha  aona  of  airass  rallaf,  can  ha  oonsidaiad  nagllgl* 
blabs].  In  gnnaiBl.  tiia  wider  Hw  SMM  of  atraaa  rallaf ,  tba 
smaUar  tha  variations  of  strass  wMi  dlataaoa  and  tha  lai«ar 
tha"anBU  sampla." 

At  this  staoa  tha  oonlrol  of  crack  spadna  has  paaaad  tnm 
th'a  distribution  of  flaws  to  tha  distribution  of  strasa  rallaf  tau 
pra-axlating  cracks.  Dm  spacing  of  nalghborlnp  pamllal 
eiaeka  cannot  ba  latga  ralatlva  to  tha  width  of  tha  aona  of 
atraaa  rallaf.  tar  oltaaiwiaa  a  third  crack  wouM  tens  babraan 
than.  Tha  apaelng  cannot  ba  small  ralatlva  to  this  width  ba- 
causa  of  flw  rapid  faU-off  of  strasa  nsar  aaoh  enek  (Fig.  7Cl. 
Actually  on  dUa  simple  nwdal  tha  eiaek  spacing  might  ba  ax* 
paotad  to  vary  by  a  laeior  of  two,  as  shown  by  tha  feltawlng 
axBBipla;  Supposa  tba  smaU- sample  atraagth  (r,.  Fig.  7}  wara 
MKof  thaawxlanmilhaTmalt«nslondavalopad(r3.  ng.  70. 
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The  greatest  cfack  apBdng  poaatbi*  la  fbat  for  which  two 
nexghbonng  cracks  eaeb  9lva  S%  gomnn  rallef  to  the  point  mid- 
way between  them  (distance  cb.  Fig.  7C) .  If  they  were  slightly 
farther  opart  than  this,  oi  if  ih«  midpoint  contained  an  unusual 
flaw,  a  aubdlvldlng  crack  would  (orm  (at  d.  Tig.  7C)  and  the 
IMW  ayatam  would  represent  tho  closest  spacing  permisstbto 
(dlitanca  gd,.  Tig.  7C).  Many  dct«ils  complicate  this  simple 
plctura,  bat  It  Is  often  found  that  systems  of  Ice-wedge  poly- 
gons that  are  oonsldatad  "regular"  bava  polygon  dlametara  that 
vary  by  a  factor  of  about  two. 

Thus.  It  would  seem  that  rather  regular  crack  spacing  can 
be  expected  if  the  ratio  of  the  small- sample  strength  to  the 
surflclfll  thermal  stress  (fs /r)  is  less  than  unity.    If  it  is 
greater  than  unity,  polygons,  if  they  occur,  will  ter.d  to  have 
Inogular  spacing  in  ger.oral.    It  is  clear  iron  Fig.  7C  that, 
other  things  being  equal,  polygon  sire  decreases  with  this 
ratio.    For  example,  if  in  the  previous  illustration  the  ratio 
had  been  0.  S  (instead  of  0.9),  the  crock  spacing  would  be 
icijcec  s jbstantially ,  accaijse  adiaccr.t  cncks  would  then 
have  to  at  least      '  Hiress  relief  (instead  of  5%)  tO  the 

poirit  .Tiidway  bet^.vc-en  them,    irasnuch  as  the  stress  falls  off 
rapidly  m^r  a  ciack,  the  spacing  beccnies  progressively  less 
SCrr.itr/i-  to  this  ratio  nr.  thi'  thernirt]  •itn:.-.-';  qi-tf.  lanj-T.  Drier 
matonals  generally  hovr'  Iowit  rxp.ir-yior-.  rc)i.Jfi::i<'ntr;  .Hiid. 
i"<-nr(-,  5T.allcr  thermal  Mr-iirs  ir.:l  .lUnir.  tiitiv:  inl  lower 
thcrTial  str.'ss  (r)  urdrr  o  jiver-.  thcrrn.i!  rujirn'.    Thuy,  there- 
fore .  t.jnd  to  ccritairi  larger  r<3ly:jor.  s  urlr-'j-s  th'-  ice  contSBt  la 
so  low  t.^at  the  slrer.-gth  (t^)  is  reduced  appreci.^bly . 

Consi'iieratlons  of  the  ratio  of  analj-sanple  strength  to 
t.lernial  r.tr.-ss  are  rc!  !.'^;'.:c:er.l  !or  a  quar.tit.Htlve  discussion 
of  c'-i.X'-'f.  spi.if"ir>j-    Or.r.f  wi'  hnvr  t'Nt.^  t:;i  r:h<':l  Iroin  this  rjTiO 
that  neighixirms  cracks  must  each  give  at  least  n*  stress  re- 
lief to  the  poirit  rr.idway  between  them,  we  must  then  determine 
how  far  away  from  a  crack  n*  stress  relief  Is  achieved,  i.e.. 
we  must  calculate  the  variation  of  stress  within  t'r,c  stress  re- 
lief zone.  This  was  fourd  to  depend  upon  crack  depth  and  the 
distribution  of  stress  with  depth,  and,  immediately  after  crack* 
Ing.  at  least.  Is  independent  of  the  elastic  parameters  In  a 
homogeneous  medium.  In  general,  for  a  given  depth  distribu- 
tion of  thermal  stress,  the  deeper  the  crack  the  wider  its  zone 
of  stress  relief:  aiid  for  a  given  crack  depth,  the  deeper  the 
panatiatlon  of  tension  th«  wider  the  zone  of  stress  rellol-  Thus 
ethar  things  being  etiual.  shallower  cracks,  and  surficial  con- 
centration ol  thermal  tension  would  b«  associated  with  smaller 
polygons.  Tha  uaaof  temperatures  measured  in  Alaskan  perma- 
&oat,  a  "power^law  modal"  to  calculate  thermal  stress,  and 
an  eatlmated  value  of  (Gc)  to  calculate  craci;  depth,  lead  to 
eomputad  atraaa  rellaf  oomiiatlbie  with  observed  polygonal 
dlnaaslona  [14]. 

CONnOVMTIQN  OT  THE  CfMCKS-FOLYGOMAL  MTTMNS 

In  the  discussion  of  crack  spacing.  It  has  been  tacitly  aa» 
sumed  that  cracks  are  all  parallel,  aa  this  alrapUfles  the  oo» 
cepts  and  results  In  no  significant  altMltlOn  of  the  conclu- 
dona*  We  know,  however,  that  the  traces  of  the  eiacfca  on 
the  auifaca  fom  closed  figures  (polygons) ,  and  that  tha 

cmeks  are  by  no  means  mutually  paralM.  Wa  eonaldar  now 
what  datannlnes  tha  oonllguiauon  caan  en  th*  surteoa* 

What*  tha  gmuad  siirfkea  la  hoaiovanaeus  and  pravieualy 
unciMkad,  toaslla  atraaa  In  dw  aurfaoe  la,  in  a  general 
aanaa,  iiotnple  (i.e. .  notth^aoiiUi  tmslen  la  equal  to  aaat^ 
weattaaaiotd.  Although  tanalon  eneka  genanlly  piopagata 
petpendieular  to  the  dlfaetton  ei  graataat  tanaion,  no  auch 
dlractloa  aidata  In  thla  oaaa.  and  the  course  of  a  naw  ciack 
la  goveinad  fay  randonly  dlatrtfautad  aonea  of  weakneaa  and 
peihaps  local  atraaa  oonoantiatloiia.  Sudi  cn^a  follow  a 
vandoni,  ottan  atnuoua.  eeuraa  to  auwh  th«  aane  way  as  a 
Mckla  of  water  would  find  Ita  way  acroaa  a  ralattvaly  ftot 
aurfkea.  After  tha  endt  haa  focmad.  howavar,  the  laotropy 
of  tha  aurfleul  tanaion  la  daalroyad  in  a  band  aurroundlng  tha 
enek-*iU  aena  of  attaaa  iwilef.  Por  where  the  eiadc  trends 
aordi-aouth.  tha  aaat-waat  ooaipenam  of  tanaion  is  ralievad 
much  more  than  the  north- south  component  within  this  sons. 
Yba  antsotropy  la  gtaateat  at  the  crack  wall  when  east-waat 
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tension  falls  to  smo,  while  tor*  atnlght  cndi.  the  nottit- 
south  tension  persists  at  reughly  thran-iaurtlia  of  Its  pra- 
eracklng  value  Cl4] .  Where  the  cmcik  eurwaa.  tiia  tangential 
component  Is  somewhat  greater  on  the  convex  slile  and  seme- 
what  less  on  the  concave  side.  Thus,  within  the  zone  of 
stress  relief  of  a  crack  the  hortzontal  tension  is  amsotroptc; 
it  is  least  in  the  direction  perpendicular  to  the  crack,  greatest 
in  the  direction  parallel  to  the  crack,  and  the  tension  parallel 
to  the  crack  attains  maxima  on  the  convex  sides  of  bends. 

If  a  second  crack,  propagating  across  the  surface  in  a 
random  way,  should  enter  the  zone  of  stress  relief  of  the  brst, 
the  second  crack  would  tend  to  alter  its  path  in  such  a  way 
that  It  trended  perpendicular  to  the  greatest  tension,  and. 
hence,  would  tend  to  intersect  the  first  crack  at  right  angles. 
'.Vh.-i'-  the  -racks  are  curved  at  the  intersection,  their  tangents 
lonri  right  .mijtcs.  I.e.  ,  the  Intersections,  are  "orthogonal." 
The  conv<  >:  sides  of  bends  In  the  primary  crack  are  favored  as 
sites  of  ortnotjonal  Intersection  b«?causi  the  residual  tensions 
are  greater  ther.? .    T',.-  process  Of  progressive  subtliviMor;  of 

the  suri-ace  urder  ■.rcreasing  stress  couH  lead  to  a  crack  pat- 
terri  ;r,  which  nrtho<joral  intersections  pr.?dnminato .  for  each 
crack  must  traverse  the  (anisotropic)  zone  of  str.jss  relief  of 
the  c  rack  it  Lnterseots,    As  the  first  crac<s  are  not  orieriteJ 
direc;ior.a:  jy ,  neither  are  the  later  ones:  tiie  pattern  cculd  be 
described       "r.=jnJoin  orthO'ijoual  polygons.      Most  ol  the  cOII~ 
traction  rriark  p^ttfrtr.  -.ffn  in  pcrmalrofit .  -njii,  t-oncrete. 
paint,  i:t'i.=%ni:-  gl.-i.'-cN  ,  ..ind  so  on,  appcai  to  I;,'  ol  this  type. 

f'olyyon^;  that  foin  undrr  .n  surfici.il  fi'.'r:r,.i  I  stress  less  than 
the  .snail- s.3nple  sttenyth  (f  il;.  SRi  ten  1  to  -i.tvii  a  crack  spac- 
ing that  Is  large  relative  to  the  width  of  the  stress  relief  zone. 
Hence,  much  of  each  crack  propagates  in  an  Isotropic,  or 
weakly  arusotropic,  stress  field  where  It  is  easily  deflected 
Into  a  sinuous  course  by  randomly  distributed  flaws.  Such 
polygons  tend  to  have  sinuous  sides  (as  well  as  the  irregular 
spacing  discussed  In  the  last  section),  i.e.  .  sides  whose 
radius  of  curvature  is  not  large  relative  to  the  polygon  diame- 
ters- It  is  useAil  to  eall  then  "Irregular  random  orthogonal 
polygons." 

Subdividing  cracks  that  form  after  the  thermal  Strasa  e^ 
coeds  the  small-sample  strength  (Fig.  7C)  propagate  entirely 
Within  the  sone  of  stress  relief  of  existing  cracks,  and.  henoe, 
their  courses  tend  to  be  "smooth"  because  they  are  controlled 
primarily  by  antsotropy  of  the  local  stress  field.    Thus,  their 
radius  of  curvature  tends  to  be  large  relative  to  polygon  diame* 
ters,  and  their  spacing  tends  to  vary  by  no  more  than  a  factor 
of  about  two.   These  patterns  will  be  called  "regular  random 
orthogonal  polygons."  This  qualitative  distinction  between 
regular  and  irregular  random  orthogonal  polygons  has  proved  ■ 
useful  in  explaining  occurrences  of  distinctly  different  con- 
traction cnck  patterns.  (It  can  be  formulated  quaMitatlvely 
and  applied  to  intamedlate  toms  when  our  knowledge  of  the 
sise  effect  on  b^cture  of  the  partlnent  materials  warrants  Iti. 

Ice-wedge  polygons  on  nowly  exposed  surfaces  are  genar- 
allyof  the  "irregular"  type,  presumably  because  they  are 
dominated  by  the  first- forming  cracks  (those  that  formed  under 
a  stress  less  than  the  small- sample  strength)  (Fig.  2) .  Most 
shallow  desiccation  ereeka  in  mud  and  concrete  form  "Itragular 
random  orthogonal  polygona."  praauoiaMy  haoauw  of  the  grant 
snail- aample  atrangth  raaultlng  fnm  laige  individual  gralna 
airi  other  inhonogoneltlea. 

In  later  atagoa  of  gnwrth.  loa-wadga  polygons  generally 
tand  toward  die  "nvular"  pattacn  aa  they  subdivide:  and 
aonaa  of  atraaa  raUef  are  aupaclBipoaad  (fig.  31 .  Ihennal 
eracka  in  caissdc  9laxra  and  datfoeatlon  cncka  In  honegene- 
otu  silts  and  uniform  Una  grained  uomaoie  tend  toward  the 
regular  random  orthogonal  type,  praaumahly  )>ecause  very  little 
emeking  occurs  bafbra  dw  aawll-aanpte  strengtb  is  enceedad 
(i.e. .  tha  else  effect  on  tmctute  atrengdi  ia  iiiialJI  • 

Doatovatov  atttlbutaa  tha  octbegonaltty  of  ioe- wedge  poly 
gena  to  aaeondary  atraaa  aat  up  by  oooUng  of  the  omcfc  walls 
through  air  circulation.  It  la  worth  noting  hare  that  lack  of 
air  circulation  in  ntfnnia  eonnaenon  eracka  to  eannie  glasas 
does  not  prevent  fomatlon  of  nnarkahly  paratatent  etthogooal 
patterns. 

Not  all  ice-wedge  polygona  are  of  the  random  type.  In 


Copyrighted  material 


some  places,  particularly  at  hiiher  latitudes,  the  cracks 
bounding  the  polygons  for:r.  ttiiou'^hqoirn;  systo-Tis  that  persist 
for  lO's  or  lOUV.  ol  polyrion  ji,i:n<fterr,  (Fig,  4)  .    The  inter- 
section;; .iif.  ortiiogon.il  .nil  thi-  polygons  sre  ijenerally  four- 
sided.    Whiui  i  r.^rts  .M-'  sir.Higiit ,  t;iey  form  two  mutually 
orthoqon-i.  |,:.5r.3llc:  systems  to  yivr-  th«  surface  the  appenrancc 
of  a  checker- to,3rd  (Tic;.  AAJ  .    V.'horc  crocss  .ire  cur.'eii ,  thf^ 
orthosonaiity  is  piesorvcij  one  the  ;iat;orri  colls  '.<■■  m;r;:.i  <iithn- 
gonal  curvilinear  coordin.it.:  systexs  of  Ljoorretry  iVv-}.  4B, 
4C,  4D).    These  occurrences  are  so  5trit;in.j  that  they  chal- 
larvge  the  curiosity  of  t.*-i-3  Tiost  casual  oas.:-r\'er     I',  is  surpris- 
lrt9  that  such  a  conspicuous  feature  seen'.E  to  have  a  rather 
§ubtlt'  fXpl.:in.^tion 

Where  tho  temp^itituie  is  not  uniiot:i;  over  the  surface,  the 
horizontal  tcnsi!*;  stress  Is  not  in  g-nf^tril  l.ioiroplc  Lp.  47, 
re'.  I4j.    Thus.  If  th«»  near- surlaco  temperature  varies  in  the 
east-'.ve-t  i.rection  and  not  in  tho  north- south  direction,  as 
near  a  rcrth- south  trendiny  la>;e  shore,  the  components  of 
tension  ir.  tho  r.vo  directions  at  any  point  will  not  in  generjl  be 
equal.    At  high  latitudes  in  winter,  t.he  greatest  departures  frrin 
therni:!.  uniiornlty  occur  l>eneath  t.he  edges  of  tx^cies  cf  wj'.er. 
Then-  tho  leo  froezes  to  t.ie  bottom  which  s ubseq-ently  be- 
i:orao.-i  vi'ry  l  o.J:  tjui  iti-'  cooling  lags  behing  that  of  the  emer- 
yent  surface  by  weeks  or  month'i  dffp<^ndlng  on  '/.■ate:  d^plh, 
arvd,  hence,  distance  from  tiho:-.-  _  il,.    Th<-;.t!  pc-ripi-.i-ral 
shallow  7onos,  which  at«  underlain  t>y  p«rtndlrost  dt  high  lati- 
tudes   can    therelbM,  ta  CKpMtad  t9  hftV*  aMMlrOPlO  tilMIMi 
stress  ir.  '.vinter. 

As  l.ikes  dram  or  river  channels  shift  slowly,  the  first 
cracking  of  the  newly  exposed  sediments  would  occur  m  thi'; 
anisotropic  bcrder.    If  the  direction  of  greatest  tension  is  the 
one  paralifti  to  the  shoreline,  the  first- fcrning  cracks  will  be 
perpendurulur  :c  tho  ^itioto.me,    I:  the  reverse  situation  obtains, 
tho  first  crocks  wili  U'  p.'.i.ilJin  to  the  s.'iore.    I'.Vhich  one 
occurs  evidently  dcpen  l';  upon  the  ;  ontigur^tion  ot  the  te.T.- 
parature  field  ar.d  the  d;  jt.^nci-  iron  ;;hoto  o:  initi.il  f  iac<uig 
Within  the  border  zone) 

Stress  relief  by  the  first  cracks  causes  tho  second  cracks  to 
form  orthogonal  to  them  as  the  thermal  stress  Increases.  Inas- 
much as  the  first  set  is  oriented,  the  second  is  also.  Thus, 
a  slowly  regressing  shorelme  tends  to  leave  in  its  wake  an 
Offented  orthogonal  polygon  system  with  one  set  of  cracks 
(wedges)  parallel  to  the  old  shoreline  and  the  second  perpen- 
dicular to  It  (Fig.  4) .  U  the  regression  is  fast  (several  polygon 
diameters  per  year) ,  rvo  such  orientation  would  be  expected. 

Oriented  orthogor,al  polygons  arc  also  caused  by  anisolropy 
of  strength  in  terrain  underlain  by  steeply  dipping  shales  In 
Northern  Alaska <  by  systematic  topographic  tsUef ,  and  pos- 
sibly by  grevltatlinMl  «ffeet8  on  slopes;  but  the  most  con- 
spicuous occurrences  seem  to  be  those  sssociated  with  old 
shoreline  positions. 

Not  all  oontreetion-omok  polygon  systems  in  natuw  ai« 
orthogonal-  Non-orthogonal  syttwns  (often  enthusisttieaUy 
described  as  regular  hexagons)  som«tlmos  form  in  response  t9 
thermal  stress  in  cooling  lavas,  and  they  might,  also,  occur 
locally  In  permafrost-  They  are  believed  to  be  formed  by  sue* 
CMSslve  branching  of  rapidly  propagating  cracks  In  brittle 
■edla  In  which  the  sIm  effect  on  fiactiita  strength  Is 

ICE- WEDGES  AND  THE  OOMPIXTE  HEMOHU.  CYCLE 

W*  have  eenslderod  only  the  winter  stress  regime  and  the  fac- 
tors that  eontfol  the  posiuon  of  cracks,  because  they  are  of 
pttnaiy  liapoitaiwa  in  axplaining  the  distribution  of  the  ice- 
wedges  that  iiltlnalaly  occupy  the  sites  of  these  eiackt.  Vhara 
ere  stress  oondltions  and  ralatad  proMans  at  ethar  timas  of 
the  year. 

Bvldantly  thanaal  contraction  In  fall  and  winter  can  buUd  up 
tansicti  approaching  the  general  strength,  and  then  open  up 
craeka.  81noe  the  horlsontal  thermal  strain  depends  on  the 
departure  of  the  temperature  from  Its  mean  annuel  value,  it 
seems  intuitively  reasonable  that  thermal  expansion  in  spring 
end  summer  would  close  these  cracks  and  build  up  compressive 
stresses  equal  in  magnitude  to  the  winter  tensions.  This  would 


be  true  ;)  it  wore  not  for  the  lollowmg  [riidort.:    (i)  Open  cracks 
are  coi-imor-.ly  filled  or  parti.5lly  filled  in  the  .spring  with  water 
which  pronpt.y  turn-  to  ice:  (2)  the  T;,iterial  is  systematically 
different  dutli.g  tin:  ::oinp:«ssion  cyclt;  thdii  it  is  during  the 
tension  :  y::,e  U-ciuMe  Its  temperature  is  higher,  and  hence,  it 
IS  more  plastic:  .und  ( i)  tho  stress  and  tho  vertical  strain  do 
not  depend  on  the  temjieraturc  and  rate  of  temperature  change 
in  a  linear  way.  and  hence,  they  do  not,  m  general,  average 
out  to  zero  through  a  complete  seasanaJ  cycle.   Thus,  an  incre- 
ment m  Its  stress- free  state  miijht  bocome  lontjcr  and  thinner 
or  shorter  and  thicker  duricg  a  complete  seasonal  cycle. 

Some  interesting  long-range  effects  might  be  ax.sociated 
with  factors  2  and  3.  but  they  sre  pmuably  less  important  than 
the  first  factor  and  very  diflicult  to  discuss  in  our  pre-sent 
state  o'  lynoi.incc. 

When  spring  melting  commences  a!  the  grovjnd  surface,  the 
surficial  layers  have  already  begun  to  expand  and  are  irobsbly 
in  compression,  but  the  cracks  are  evidently  .neld  open  iiy  re- 
sidual tension  in  the  colder  layers  at  depth-   Melt  water  drain- 
ing into  the  cracks  would  freeze  quietly  because  the  spring 
temperatures  in  permafrost  are  f^t  i^elov/  the  ireezir.g  tempera- 
ture.   If  the  c.mc.k  is  rompletcly  lllli-d  wjih  water,  the  rapid 
horl/.ont.il  :_;ti.5in  resulting  fron-,  exp^insion  on  lrt'i'/i:'5  will 
duse  subjt.inti.ni  horizontal  compression  if-  the  neighljorhood 
of  the  '.vedge.    This  stress  enhancement  will  f,-ill  oil  with  dis- 
t-jnce  frorn  the  wedge  much  as  the  stress  relief  does  with  :i:s- 
tance  from  a  crack.    Maximum  compression  in  summer  is  likely 
to  occur  in  and  around  the  wedge,  because  suhsequent  thermal 
expansion  will  add  urutorxly  to  the  compression  thrcughout 
each  layer.    The  compression  is  relieved  by  a  vertical  thicken- 
ir;g  rttid  sheaiing  ol  tne  wedge  ana  surrounding  maionsi:  and 
this  evidonliy  accounts  lor  ihr-  observed  upturnir/g  c;  ponnafrost 
beds  adjacent  to  ice-wedg<-s    5 ,  c]. 

If  the  permafrost  fn.iterlnl  which  is  extr'uded  into  the  active 
l.-iyer  h.?s      finite  .sfierir  slrengtfi  when  thaweg  ,  duri;>g  .-lubso- 
quent  summers  it  will  accu-n-.d.ne  to  form  ridges  bounding  the 
tee-wedge  troughs.    The  resulting  low-centcrcd .  or  mote 
properly  raised-edge,  polygons  are  found  in  relatively  noniiuld 
media  such  as  sands,  long-flbered  peats,  and  some  silts-  If 
the  material  forced  from  the  permafrost  is  fluid  when  tha-wed, 
no  ridges  can  be  formed,  and  the  polygonal  pattern  might  be 
completely  obscured  by  ftowage  of  the  active  layer,  or  it  might 
be  delineated  only  by  a  depression  cwsr  tho  Ica^wedge  and 
form  high-center  polygons. 

This  tern  is  applied, also,  to  polygons  m  which  the  boughs 
have  been  deepened  by  eioslon  and  peripheral  ridges,  if  they 
ever  were  present,  have  been  destroyed-   Whether  ridges  ever 
form  depends  on  properties  of  the  surficial  material  artd 
whether  they  are  destroyed  depends  upon  subsequent  surface 
events  [si.  The  classification,  high  centered- low  centered 
polygon.  Is  ganelleally  ambiguous  and  perhaps  unnecessarily 
superfleial-  As  mechanical  processes  that  oontiol  polygonal 
BUerorellef  operate  at  the  edges,  not  the  oenters  of  polygons* 
a  classification  describing  the  edges  seems  more  natural. 
Tho  author  has  found  it  useful  to  use  the  terms  "trough  pat- 
tern," "ildge-and-trough  pettem,"  "deep-trough  pattern," 
"ildg€i-and-da«p-treii9h  pattam,"  and  ao  on,  to  lafar  to  than. 

It  la  sOHMtlBios  stated  or  ImpUad  that  the  expansion  of 
framing  water  In  tbo  seasonal  crack  fbrees  the  ground  apart . 
thus  oausing  the  upturning  of  permafrost  beds  adjacent  to  ice- 
wedges-  Although  this  pncaaa  is  probably  affaetlva  In  locall- 
alng  stnsaaa  that  causa  uptuntng,  the  horlaontal  dlaplaeaaiant 
cauaad  by  toatuig  (about  10%  of  the  crack  widtM  la  soiallar 
by  an  onlar  ot  aiaanltuda  than  that  cauaad  fay  ra-aitpatMiea  of 
the  ground  (anoiigih  to  etoia  tha  crack  ud  dMMa).  Thus,  tiia 
upturning  of  material  Is  probably  dua  pHmarlly  to  adluatsMmt 
attending  reexpanslon  of  tiie  paiaaliOBt. 

ICE-WEDGES  AND  THE  ENVTROMMENT 

How  lee-wedge  polygons  modify  their  environment  Is  the  Other 
side  of  the  story  [2.  6.  11.  13.  16.  35.  36]. 

Thermal  effects  of  surface  water  channeled  into  troughs 
above  Ice-wedges  tend  to  accentuate  the  troughs  and  thus  to 
define  the  early  phases  of  a  drainage  course-  In  this  unique 
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efosloii  proeeai  no  Mllda  are  mmnrad  «■  nwh.  W«dv«  lea  i» 
JuM  "sUppad  wit  bom  uador  tlM  vagouoon  nig"  by  tnnafar  of 
hMt  fmct  tha  running  watar  into  and  thraugh  tha  aettva  layar. 
In  latar  atagaa  partial  and  oomplala  lanoval  of  lea-wadgaa  fay 
tharaal  aioalon  cause  haodad  dndaaga  and  alow  ni lining 
atraama  too  daap  to  fond  but  olt«i  nanow  anongh  to  Jump. 

Surfaoa  watar  m aping  into  partially  aaalad  fracture*  In 
laiga  wadgaa  oflan  followa  tha  tvadgaa,  thawing  Uiga  flat- 
floorad  6avaraB«-aomatlaeB  larga  anough  far  «  awn  to  antar. 
By  lata  aummar,  ragtona  of  aubitanUal  loeal  rallaf  wa  aoMM- 
tlmaa  undartola  by  intricate  systems  of  subsurfaoa  atnama 
flowing  through  thasa  intra- parma frost  caverns  In  loo- wadgaa. 
Whara  tha  subsurface  straams  amarga  at  banka.  collapsa  of 
the  ice-wedye  cavern  roofs  leaves  deep  gulleys.  Such  gulleys 
working  headward  along  lce-«redge  courses  commonly  drain 
large  lakes  that  are  otherwise  unrelated  to  the  surface  drainage 
'^y  sii  rr     In  tha  toll  tha  oavams  ara  aomaUataa  aaatod  by 

rc  free?]  rig  . 

Where  the  exparision  of  the  ground  causos  fwriphcral  ridges 
adlacent  to  ice-wedqes.  surface  drainage  is  often  obstructed 
.15  each  polygrr,  ,  5      riotentlal  pond  [H,  [r  3crne  cases 

sbsorption  of  .solaj  .-rriistion  by  tho  polygonal  for.da  causes 
:li-'-irrtdrttior;  oi  thf  pi-trr.dlrost  c.tvi  the  formation  of  thaw  lakes. 

By  late  svimmer  when  the  active  layer  material  over  tee- 
wedges  Is  thawed,  It  often  flows  alon«;  the  smooth  upper  sur- 
face of  the  wedge-    Where  the  topography  ;s  stron^ily  convex, 
e.g.  .  near  the  bnnit  of  a  ban*:  or  crest  of     rid'rje,  the  diver- 
gent flow  caijses  thinning  ot  t.'u-  ic-e-wedgi's'  tnsulaliivg  cover 
arxl.  t-on'!i'q.j<-nily,  thawing  of  ih<'  v,e  igi'  tops  and  deepening 
of  the  troughs.    In  subsequent  years,  active  Jayer  matenol 
flows  radially  from  the  p>olygonaI  highlands  .r-:  'ho  Jocpeniryg 
troughs,  where  it  is  carried  away  by  the  reticuiate  .soji:luctlon 
drainage  system  unde'rl.iin  by  wfilg*'  in'.    .Si/ibiiLty  .s  arrhii'vi'd 
when  the  topographic  convomty  1  ■5  iKtm.utely  replaced  by  a 
gentle  slope  or  the  polyyons  are  reduced  to  1  !:olatad  aiOUOda 

well  drained  to  jnartici  pate  in  further  ^]ciw. 

These  degradational  processes,  which  aro  related  ir.  ore 
way  or  another  to  the  formation  and  deterioration  of  ice-wedge 
polygons,  can  havc  a  profound  effect  on  ih-^  f'  cology  of  the 
surface,  primarily  through  their  oftocts  on  local  drainage  [11, 
3'j.  -1.     Thjs.  the  Interpolygonal  troughs ,  the  peripheral 
ridges,  and  the  intrapolygoi^l  areas  each  commonly  support 
plant  oommunnie.'i  of  different  composition.   The  contrasting 
appearance  Of  these  communities,  mora  than  the  microrelief. 
deiineatea  tha  polygonal  pattami  at  tha  aurface.  As  the 
local  haUtata  ara  modiftad  by  tha  prooaaaaa  desert  bad.  a 
eoiraapondlng  luecaaalon  of  plant  aaaaoiblagaa  laaulta,  and 
the  avanta  ara  iomatlmaa  racoidad  in  tfaa  atratlgiaphle  Ba«rtion. 
As  Individual  piaitt  oommualtlaa  hav«  vary  dlfiarant  bulk  ther- 
mal and  mechanical  pnpartlai,  aueh  a  auccaaalon  oan,  ItaaU, 
modl^r  tha  paocaaaaa  of  meltlag  and  flow  that  ihapa  tho 
aurfaoa. 

Old  loa-wadgaa  em  axtand  lo  much  graatar  daptht  than  the 
crecka  roaponalbia  Ibr  thatr growth,  almply  fay  kaapino  paea 
with  tha  aggrading  atvfbca  in  araas  of  rapid  ladimantatlon. 
Wadgaa  nwra  than  50  m  daap  hova  faoon  axplainad  la  thla  way 
by  flhumaky  at  al  [  23 .  Bvan  wlian  no  oodlmant  la  Intnducad 
fmm  an  axtamal  aourea.  tha  aurfhea  la  aggraded  ftom  tha  dli- 
plaoamant  of  mataital  by  growing  lea-wadgaa.  Whan  tha 
period  of  wadga  growth  laata  tor  many  thouaanda  of  yaara .  the 
widening  wadgaa  can  occupy  moat  C2J  or  avan  all  (Aaf.  6, 
Plata  XXXil]  of  Aa  upper  panaafroat.  In  thla  eaia.  tha  upward 
axiruaion  of  panaafroat  attending  aumoiar  naxpanalen  all 
occws  within  wadga  lea.  It  is  clear  that  In  such  admnead 
•tagaa  of  growth  tha  Usa-wadge- polygon  concept  tanaka  down 
aa  tfaa  wMtb  of  tita  lee-wedges  approaches  polygonal  dlmen- 
slona.  (Such  a  condition  was  observed  by  the  author  on  the 
Shaviovik  River  in  northern  Alaaka-  Ice-wedges  averaging  1$  m 
in  Width  occupied  about  SOK  of  the  surlicial  permafrost.  One 
wodge  containad  two  eontamporary  oontiaetlon  eracka  Urn 
apart) . 

Aa  the  surface  i.t  modified  by  processes  associated  with 
ice-wedge  polygons,  distribution  ot  thermal  stress  Is  also 
modified.    Where  therrr.]!  stres?  i    leducod  locally  by  insulat- 
ing effects  of  snow  in  deep  interpolygonal  troughs,  cracking 


aitght  Initiala  in  tha  mora  highly  ateaBaad  polygon  oantar.  In 
aubaoquawt  yaara  cracking  wUI  raew  at  tha  now  alta.  and  tha 
adJaeant  pta»«xlsang  wadga.  or  wadgaa,  win  be  doaetlvatad 
and  bunod  by  normal  aggradation  of  tha  surfaoa. 

Daaetlvatlon  and  faurlal  can  faa  eauaad.  alae,  by  clIaMtic 
change  or  by  aoma  prooaaaaa  dlaeoaaad  ahova.  Tha  specific 
oauaa  oan  often  be  Idantlftad  whara  good  aRpoauraa  axe  avalla* 
bla.  Tba  upturned  liada  adjaeant  lo  deeply  burled  Inaetivo 
wodgas  ooamtonly  owot  0ia  ovailytng  poMonlally  frown  alnta 
tn  a  aharp  angular  uneoatonMly.  Aa  thf i  horlten  aiatka  tba 
faetmdafy  balwaan  Hbm  parawfwat  and  tha  aetiv*  layer  et  the 
time  ordaaetivatlon,  tha  unconformity  does  not  represent  a 
deposltlonal  hiatus.   It  is  )ust  a  preservation  of  the  uncon- 
formity  commonly  caused  at  the  top  of  permafrost  by  the  thaw- 
ing off  and  horizontal  refreezing  of  the  ends  of  the  upturned 
strata  [6].   Where  removal  of  a  wedge  top  by  surface  drainage 
results  In  deactivation  and  burial,  the  unconformity  is  not 
present.    Masses  of  clear  ice  or  sediment- laden  lenses  within 
>ce-wcdge$  ^rt-  ut^uaiiy  explained  eaally  as  ntroxan 

subterTanc.3n  dr.3ir.5c;e  channels. 

When  new  cracks  develop  ir;  response  to  changing  condi- 
tions at  the  surface,  they  sometimes  intersect  buried  wedges 
which  they  evidently  tend  to  fOilow  as  a  zone  or  wea<nes3. 
The  old  Wedge;,  are  lejuvenati'd  locally  aiiC  a  corripouiid 
Wedg"    (i.e.  .  n  wedge  growirvg  ou:  ol  .1  wcdg'-l  clr".'<'Ioii with 
further  growth.    Compound  wedges  also  can  be  lorrrof.;  by 
interTilttenl  sedinentation  :  Zj. 

Additional  n.inirestations  ol  the  processes  described  can  be 
observed  m  er.dle_".>i  r.-inii)irations  rria>-ing  it  almost  useless  to 
try  to  r-.it.ilog  them.   An  awarer.ess    h:>wev('r.  of  the  processes 
caused  hy  and  processes  that  cause  ice-wedges  is  necess,jry 
to  understand  what  is  seen  in  the  stratigraphlc  sections  and 
what  1  s  ta>Lind  placa  oo  tha  iurfaca  today  In  many  polar 

environments. 
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PINGOS  IN  CANADA 


).  M>88  MACKAY,  University  of  BrlUsh  Golunbla 


Tha  Eskimo  word,  piitgo,  commonly  used  in  the  western  Arctic 
of  Canada  to  refer  to  a  hummock  or  hillock  [ l] ,  is  now  gener- 
ally accepted  as  the  English  technical  tena  fbr  an  latnpenna' 
froat  Ica-eored  hill .  The  word  and  spelling  were  proposed  by 
Porsild  [2]  In  1938.  The  Russian  equivalent  is  bulgunniakh. 
A  few  writers  employ  hydrolaccolith  and  pingo  intarehangeably, 
but  this  Is  undesirable,  because  a  genatlc  OODfflOtatlon  Is  In- 
volved. HydiolaccoUth  alao  describes  sone  seasonal  mounds, 
whereas  pilnQOa  ac«  pafannlal.  Other  definitions .  such  as 
"hill  or  mountain  complataly  covered  by  an  ice  sheet  but  la- 
vaallng  it*  presence  by  aarfaoa  Indications"  [3] ,  may  ba  mis- 
leading or  coaiplataly  Inaeeurata.  Aa  MSUar  (4]  has  atraaiad, 
ptngoa  aia  intfapanaafmat  lea-oorad  aiounda  quite  dllfatant 
bem  aaasooal  boat  bilatara.  wlniar  Icing  moiinds  in  tha  actlva 
toyar.  paat  buanmefca,  and  atatbana  domed  aiowidi. 

Tha  firat  rafavanea  to  a  pingo  In  Canada  It  tha  antiy, 
August  IS.  1853,  In  Capt.  John  FnnkUn'a  dlaiy  (S]  in  whloh 
ha  daicffbad  htaaaodka  (plngei}  on  tha  lew  allwlal  latonda  of 
tha  Mackaoaia  Delta.  lebn  Mebardaon.  who  axaminad  pinoea 
in  1826  and  in  1848.  pnpoaad  tha  firat  thaoty  of  their  origin 
by  8ii99a8tin9  that  "thay  have  ncaivad  their  eonical  fiarm  from 
washing  of  high  ttdaa  duclag  the  ooeaalonal  ImmdatlOM  of  tiia 
lowlands  by  tha  aaa"  (6].  Iia«ravar«  ttehaidaen'a  eaaual 
observation  on  pingea  waa  noia  in  the  native  of  a  paiilng 
remark  than  a  reasoned  theory. 

Porslld  waa  firat  to  daaeriba  plngoa  in  Canada  in  detail. 


He  distinguished  two  types:  An  open- system  type,  already 
described  by  Leffingwell  In  Alaska,  formed  on  sloping  ground 
by  hydraulic  pressure,  and  a  closed- system  type  characteris- 
tic of  Mackenzie  plngos.   In  1954.  Gussow  [7]  suggested  that 
Mackenzie  plngos  were  the  result  of  a  gaostatic  load  on  a 
buried  remnant  o(  a  Pleistocene  tee  sheet,  but  the  theory 
seams  untenable  l8].  In  19S9,  Muller  C4]gave  greater  pre- 
cision to  PorsUd's  classification,  destgrtatlng  them  as  tfie 
open- system  (East  GreerUand)  type  and  the  closed- system 
(Mackenxle)  type.  Tha  author  [9]  has  dlacussed  the 
elosad-Bysleni  type,  portly  ftom  a  tbaofotloBl  baaia. 

DlSnUBVTION 

Aboat  IS88  pfngea  have  baan  tdanUfled  In  Canada,  tha  vast 
najoilty  fton  air  photo  lataipielatlen.  With  minor  aaoaiitlona. 
all  known  elosad- wataai  pfagoa  In  Fig.  l  are  shown  Individu- 
ally by  dots  or  by  nuabara  in  tha  Mackanila  Delta  area.  Tha 
solid  trlanglaa  probably  repreaant  opan-ayatem  gieapa,  but 
tha  Idantiftcetion  of  type  is  uncertain.  Although  a  few  aaiall 
plnge  fields  may  await  dtsooveiy.  probably  few  largo  plngoa 
have  eaeoped  deteetioa,  paitieularly  in  tbo  tumfea.  Iba  moat 
fbvetabla  regiena  for  diacovariaa  are  tho  tundia  fpvaat  and 
boreal  ftoreat  of  tha  yidceo  and  Nocthwaat  Tenltoitea. 

Aa  plago  iea-eoraa  are  perawdal  faatpraa,  thay  can  paralat 
only  in  tarraia  whara  dia  leo-eora  is  andoaad  in  pemafroat. 
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whether  rcglorusUy  continuous  or  discontinuous  (Fig.  1)  . 
Noariy  a!!  closed- system  plrvaos  are  In  continuous  p-T.Tialrc'St 
over  2uD  ft  thick.    Sriitterol  pir.go  g-ojph; ,  t.-nt^tlvi-ly  ulcntl- 
fled  fts  tlie  opoi.- .T/.'itiM-i  typi-.  havf  l«'c:,  r'-jiortod  in  areas  of 
dlscontinuifjur;  p-cr  n.i  ?m  st . 

Mofit  pingos  ore  restricted  to  thick  alluvial,  deltaic,  or 
g l.?clo!luvlat  sands  with  negligible  fractions  of  coarser  or  finer 
grain  sizes.   The  typlctti  Mitd*  are  not  "frost  susceptible," 
lacking  sufficient  flnet  ts  produce  either  frost  heave  or  thick 
tatxilar  ice  sheets;  therefore,  hundreds  of  ttiousands  of  squara 
miles  of  the  Canadian  Shield  and  Arctic  Islands  have  no 
plngos,  altltough  thermally  suitable,  because  they  are  too 
hilly  or  rocky,  or  are  veneered  with  too  thin,  coarse,  or  fine 
grained  soil  fof  plnyo  forawtlon.  Und«r  tovojablo  oondttlons. 
however .  plngos  can  «iew  In  othflr  types  of  aiatectal.  auel) 
bedrock  [  1 1  ] . 

No  plngos  have  yet  been  reported  from  the  Quron  Elizabeth 
laland  group  [  2l,  except  for  brief  mention  of  one  of  recent  for- 
mation [  13^ .  although  there  are  many  perennial  tee-cored  peat 
MlOUttds  a  few  feet  high,  for  example,  on  Cornwallls  Island. 
Savaial  pIngo-Uke  hills  occur  on  Baffin  Island  [  14].  and  there 
are  plngos  on  Wollaaton  Penlnaula.  Victoria  Island  [ IS]:  but 
Mme  of  Wales  and  Soiaeraal  Ulanda  probably  have  no 
plnoea  llii  •  Collapaad  opan^ayatam  plngoa  have  bean  IdanU- 
liad  on  mctiwaatem  Banks  laland  tl6],  althoi^h  a  photograph 
a4i990Sts  tba  poaalblllt)r  Oiat  tbar  nlffht  ha  o^lapssd 
hisifeanlamd  tundra  polygona. 

Thaiv  an  a  tow  plngoa  in  Flolstooana  and  Racant  alluvial 
deposits  along  the  Yukon  ooatt  where  both  closed  and  open 


s'/stem  types  seem  to  occur-    Porsild  .  I  'J  has  di  smtx'  1  a 
arojp  n'  closed- system  pingos  at  MacmilSan  P.^ss  or.  thi' 
Yuton- Norlhwe St  Terntones  border-    In  c-:'ntr.3l  Yukon  cr.e 
deiinlte  and  two  f.c>>;sibl<»  ocr ijnTii~>»?-  oi  pingof,  sre  reportad 
and  at  least  Or-v       thi'  (Jinyo^  rr-o  y  b--  ul         opun- .si  -'.ti^n 
type  Lis]-    Other  small  mounds,  possibly  plngos.  il«  between 
the  valley  wall  and  floor  in  the  Klondike  Plateau.    They  may 
be  open- system  pirtgos.   Several  pingo-Uke  features  on  the 
eastern  slopes  of  the  Richardson  Mountains  are  probably 
open- system  plngos  [19]. 

The  greatest  concentration  Of  plngos.  about  13S0  (Tig-  1), 
lies  to  the  northeast  of  the  Mackenzie  Delta  [.20].  The  plngoa 
are  In  an  area  of  Pleistocene  sands  and  silts  veneered  with 
drift;  contrary  to  some  published  reports,  they  are  not  in  allu- 
vium of  the  modern  delta  [  21  ] .  These  plngos  range  up  to 
ISO  ft  In  height  ar>d  2000  ft  in  diameter.  The  highest  plngos 
have  medium  diameters  of  about  500  to  700  ft.   Plngos  are 
nearly  always  close  to  the  center  Of  a  depression  which  con- 
tains a  shallow  lake  or  the  remains  Of  one.  PlObabiy  9S%  of 
these  pdngos  are  of  the  closed- system  type. 

A  second  group  of  about  80  plngos  (Fig.  if  occurs  in  the 
distal  part  of  the  MaOkansle  Delta  on  islands  below  storm 
level  t22].  Iheaa  prngea  laraly  axeaed  29  ft  in  height;  a  few 
an  long  eskar-llka  ildgaa  whioh  attain  a  length  of  2000  ft. 
These  plngos  are  very  much  smaller  than  those  of  the  above 
nenUooed  large  group  and  show  Uttle  direct  sssodatlon  with 
lake  basins.  They  are  of  the  oloeed- system  type. 

A  solitary  plngo  at  the  toot  of  Parry  Peninsula  was  de- 
scribed nearly  W  years  ago  aa  a  nud  volcano  l\X  North  of 
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Graat  Bmt  laka,  thai*  ar*  Mv«al  groups  of  plngot  and 
aDM  an  In  floadplaliM  or  eiuwaah.  Ilia  eutar  aurfeoa  of  ona 
la  of  dolonlta  of  Loww  Palaoaoie  a««.  An  laelatad  pinoo  by 
tha  Thalon  Rlvar  aorttuwat  of  Graat  81«va  laka  haa  baan 
daaerlbad  by  Cmfg  [ill. 


OMGIN  OP  RNGOS 

Pingos  have  originated  from  the  arching  of  ar.  imperv^c..'.  ..naat 
of  p«nnarvently  Iro/fn  ground  torcfd  up  by  the  intrusion  ol 
watar  und«r  pf»ss,.te-    The  i  inyn  ico-coro  is  tho  frozen  "pool" 
of  Injected  wator.    Tor  this  reason,  Russian  termir/ology  refers 
to  plnqo  ice  as  "injected  Ice  '  in  contrast  to  other  types,  sucll 
as  segregated,  vein,  cave,  and  burled  ice.    In  open- system 
ptngos  the  hydraulic  head  c:<iatcs  the  water  pressure;  in 
closad-aysi«m  pingos,  hydrostatic  prasiuca  originates  through 
tha  axpulsion  of  excess  pore  watar  Crom  th*  ftaoiing  of  a 
confined  body  of  saturated  soil. 

Opon- System  Pingos 

Open- system  plrigos  ato.  lu  j  genetic  sonsc.  hydrolaccollths 
formed  by  the  injectior.  and  freezing  of  '.v^tor.    The  movemerjt 
of  ground  water  in  a  permafrT?st  region  is  o;th<_'r  above  the 
permafrcs!  (suf-rapermafrostl  .  -.vjt.Mn  (intr^p^rnafrost)  ,  or  belOW 
( subpermadostJ  •    In  region';  o:  l  ontinuou;,  p'.Mi-ialiost.  mtra- 
pcrmafrost  ground  water  us  oily  tln'.v.;  in  ot.rn  gravels,  or 
possibly  in  tal;ks  represenliny  a  past  c.imatic  change.  How- 
ever, thick  continuous  perrr.afrost  has  httio  intraponnafrost 
wstipr.  especially  m  sand  and  finer  sediments.    Subperrna frost 
ilo'.v  l^.  .ii>'(:.[  .il  ol  continuous  p"rM".arfost  areas,  partly  because 
intake  sources  arc  few.    Consequently,  open-system  pingos 
are  confined  mainly  to  localities  wher?:    Rj,;n!  provides  an 
hydraulic  gradient;  discontinuous  permafrost  permits  entrance 
of  SLir;-ict  wattirs         '.he  jround;  granular  materlaJs  allow 
ground  ■.-.•itiM  Mn.v,  nnii  n:.  impervious  yielding  perririirost  layer 
can  K-  ytchc  I  I::  ;?:rn:  J  ninyo.    Such  ^.-.vr;jrobii>  .-iri'.is  rtfe  found 
toward  thi:-  southern  limil  of  permafrost  .alontj  v-3lley  5if>pcs, 
valley  tottons.  and  the  coarse  fill  oi  bnaided  rivi-rs. 

Open- f,v;,:ern  pingos  are  Tscst  lii;ely  to  :orn  where  a  perma- 
fro.st  coviT  grows,  ab  initio,  ovei  uniro,;f^n  national  to  impound 
groundwaiiT .    Thii  may  bf  brouqnt  about  by  a  georaorph'c 
ch.^n.;;',  •ji.jr.-h  ,11;  •.hi;  lirjniiny  ol  .n  lake,  a  channel  .=.h;!I  a 
braided  river,  or  the  freezing  ot  slumped  debris.    The  newly 
formed  cover  must  be  sufficiently  thin  to  yield  under  hydraulic 
pressure  but  also  thick  and  impervious  enough  to  retain  a 
"pool"  Of  watM. 

Cteaadr-ByalaM  Pinaoa 

A  closed  system  develops  where  a  voluma  Of  aaturatad  sell  ba> 
conies  completely  confined  by  impervious  material  80  that  ex- 
pelled pore  water  cannot  escape.   The  conflnirtg  Impervious 
materia!  may  be  frozen  ground,  line  grained  soil,  rock,  or 
underlying  saturate  ■.  sedixents  witn  no  I'scape  for  pore  water 
under  pressure-    Initiation  of  a  closed  system  requires  the 
downward  aggradation  of  pern-iafrost  to  seai  cvor  the  sKr  ol 
pimgo  5ro-.vih  and  uo^:iy.'-.:v,-;rA .    In  ,a  region  ot  cthonvisc  con- 
tinuous fMTma frost ,  ay yr.:io.-\llon  in  rujrtlci.a.  material  takes 
pla;.:e  ur.dur  two  main  onndition-;  ■.vhrre:    (1)    U:dro2i.'n  soil s 
are  exposed  to  low  mccin  onnn^l  tenperoture hy  thr  lor;:;  ol 
their  haat  source,  which  is  usually  a  shallow  laito:  .:ind  (£)  n-ijw 
larvd  IS  b'-ilt.  t:.g.  .  A  dt-ll.aic  island. 

E-very  wiiter  iK^dy.  rivor.  l-^-.k.^*,  50a,  servo.",  as  a  heat 
SOurre  ;n  a  pr-rTiofrost  orcj-    II  the  w.-itiT  ijcdy  is  dr-epi^t  than 
the  moxirnjiT.  thlcmess  of  wintor  ice,  then  its  sjhj.irr-n;  (ict- 
tom  sediments  boneat.h  its  open  pooL  are  pereriTiially  ..niroren. 
In  this  discussion,  the  distinction  ber.veeri  a  shallow  and  deep 
lake  (or  other  water  body)  is  arbitrarily  based  on  the  size  of 
the  winter  unfrozen  pool.    Il  th<'  i-ike  is  deeper  than  the  maxi- 
mum Winter  Ice  thioinerir;  ovi>r  iTiui.:h  of  the  lake  bottom,  tha 
lake  IS  defined  as    deep:    othenv;-je  st  1?  "shallow," 

EqulUbnum  or  steady- state  condition?  are  assjTicr;  to  exist 
prior  to  the  temperature  disturbence  which  creates  a  plngo. 
Undar  ataady-atata  eoadlttona  tha  daptli  to  paraiafioat  banaath 


the  lak*  la  dopendent  upon  tha  undlatwbad  gmund  tMBpaiatufa, 
gaathannaJ  haat.  and  laha  piopaittaa:  but  tha  dapdi  la 
indapandMit  of  «ba  pihyalaal  oonatanu  of  tha  ground  l9, 24l 

A  aiaaU  deep  lake  wlU  maintain  beneath  it  a  basin- ahapad 
volumo  of  peffeiinlaUy  un&oaen  ground  resting  upon  paniiataoct< 
Fraaslng  of  tha  laka  bottom,  althar  by  dralnaga  with  anpoaura 
to  air  tanpanturoa  or  fay  ahoallag  aufflGlont  to  panalt  aavara 
wlnlar  firaaaln^  ot  tta  bottom,  will  raault  In  tbo  downwwd 
aggradation  of  panaafioBt  to  Initiate  a  doaad  ayctam.  Single 
plngoa  tend  to  davalop  In  aooh  baatna,  baeauaa  both  tha  aatall 
voluma  of  confined  unftosan  graund  and  the  anall  else  of  tha 
lake  baaln  can  nounah  only  one  plnoo. 

A  lAfoe  deep  laka  may  have  an  hoivglaaa  ahapad  poiwnnlally 
unbeaan  eantnl  com,  tha  pamahoat  surlaee  plunging  ataeply 
lekowvid  and  then  raeutvlng  at  depth  under  the  lake  ahoce*  A 
eloaod  ayatem  uaually  davelopa  Iv  drataaga  Iteeugh  lowwing 
of  Die  oMlet  or  bank  raoeaalon  atono  a  coaat  or  iiv«r>  Vnleaa 
drainage  is  reaaonaUy  eomplata,  aavaial  unlnaan  wintar  peela 
fliay  paralat.  an  laipenrloua  lid  cannot  fonn,  and  a  eloaad  aya- 
tam  la  impoaalUe.  lArge  deep  lakes  ere  unfavotaUe  attea  for 
plngo  giowtti. 

A  small  shallow  lake  can  have  no  mora  than  a  thin  aone  of 
parannially  unfrosan  giound  beneath  It.  Raduetlon  m  depth, 
hy  any  oauae,  reaAly  imtlatea  the  giewth  «i  a  pannafirest 
cover.  However,  fha  voluma  of  unfieaan  ground  in  the  closed 
system  is  rarely  great  enough  to  grow  even  a  small  plngo. 

A  large  shallow  lake  will  have  a  gradual  drop  in  ibe  upper 
parmairost  surface  towaid  the  laka  center,  because  of  Mntar 
freedng  of  the  shallower  areas  for  the  longest  period.  Tha 
presence,  or  absence,  of  a  completely  unfrozen  zone  beneath 
the  lake  will  depend  upon  factors  such  as  ground  and  lake  tem- 
peratures, size,  shape,  and  depth.   Large  shallow  lakes 
usually  become  shoal  through  infilling  by  sedimentation, 
accunii t :on  o*  onjcir.ic  natter,  clirr,otic  chenye:^.  and  drain- 
age.   These  are  ideal  sites  for  pinrjo  growth  ,  because  only  a 
slight  reduction  m  depth  .r.  req-ired  to  lr.-<!ze  Vtf.  bottom  sedi- 
ments.  If  there  are  seviT.il  d.-ep.i-t  spoii;  in  o  uii",  so  that  an 
uneven  pjiinarrOMt  -.rj,  oi  irrrMjul.ir  thK-<n>'::';  loiin:;,  saVMnl 
pingos,  or  a  mulUcored  pingo,  olten  develop-  Most 
closed- systsm  pingos  have  originated  in  ahallow  laka  faaalna. 


Pingos  of  New  Land 

The  only  extensive  arae  when  plngoa  an  growing  In  newly 
built  land  is  that  of  the  distal  part  of  the  nwdem  Mackenzie 
Delta  to  which  the  foUcwtng  discussion  is  dlraetad.  In  tha 
praceaa  of  offahote  sedlnentauen,  Wheals  giadually  bacoma 
built  Into  Islands  so  that  new  land  is  aoipeaed  to  *lr  tempera- 
tuna.  Consequently,  aggradatlen  of  permafinat  occura  ex- 
cept when  lakea  and  channala  am  aa  beat  sources.  Thtis, 
transient  rather  then  steady-  state  conditions  apply  to  tba 
alluvial  lalanda.  In  the  gradual  prooaaa  of  sedisientatlon,  a 
channel  only  200  feat  wide  and  4  feet  deep  in  the  center  atlght 
have  enough  thermal  capacity  to  prevent  freesing  of  the 
InMiodiate  subjacent  bottom  sediments  (rig.  Z). 

Eventually,  peima&eat  amy  gradually  extend  itself  benaath 
such  an  unfrosan eroa*  given  present  mean  annual  ground  tem- 
peratures of  -S^C  or  lower.  In  the  progress  of  downward 
penetration  of  the  freezing  plane,  fine  grained  Impervious 
sediments  may  also  be  encountered;  therefore,  a  closed  sys- 
tem may  easily  develop  from  a  channel  shift  or  by  sedimenta- 
tion. Thereafter,  the  formation  of  the  pingo  is  similar  to  that 
of  other  closed- system  pingos  with  the  following  tiiiferences: 
The  pingos  under  discussion  are  smaller,  boiny  roroly  over 
25  feet  high,  bccau-ie  the  p^arent  water  bccies  are  s.T.aUer: 
many  arc  ridges  like  eskors  because  thc-y  grow  in  channt-ls. 
sodin^iontjtion  may  mask  the  association  be;wer-n  pingos  and 
lake  basin  or  channel,  and  the  pingos  arc  much  youngor. 

Pore  Water 

Laborntcr/  and  held  experiments  show  ih.it  cxn--,:;  pote  v/ater, 
under  r-i-rtfiin  crondltions.  is  UXpcUeti  h,«_'lore  an  adv.rmcint; 

freezing  plane  [2S].  The  mlnlnum  permeability  required  for 
aMoaaa  pon  water  to  he  equeeaed  out  haa  been  estlmstad  at 
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Fig.  2.   Schematic  development  of  a  closed- system ,  young  alluvial  island,  Mackenzie  Delta 


several  Inches  per  day:  the  pressure  developed  at  •22''C  has 
reached  2000  atmos.  l  26].   As  the  static  weight  of  the  highest 
plngo  hardly  exceeds  10  atmos.  in  the  center,  adequate  water 
pressures  seem  available  to  lift  a  thin  frozen  layer  over  an  in- 
jected "pool."  Thus,  the  expulsion  of  pore  water  In  a  closed 
system  provides  the  pressure  equivalent  to  that  of  the  hydrau- 
lic head  in  an  open  system.    Expulsion  of  pore  water  cannot 
take  place  if  there  Is  extensive  Ice  segregation  and  this  is 
one  reason  why  fine  grained  soils  are  unfavorable  for  pirtgo 
growth. 

Under  ideal  conditions,  the  volume  of  expelled  pore  water 
may  approach  one-tenth  the  volume  of  ice  in  the  ground,  but  it 
can  bo  much  less;  therefore,  the  volume  of  a  plngo  ice-core 
provides  a  clue  to  the  Initial  volume  of  unlroren  sediment. 

SHAPE  OF  ICE-CX>RE 

The  shapes  of  the  ice-cores  can  be  inferred  from  several  types 
of  information.   Only  one  completely  sectioned  pingo  showing 
the  ice  body  (Fig.  3)  is  known  to  the  writer,  although  there  are 
numerous  examples  of  sectioned  pingos  with  the  ice  body 
either  burled  by  slumping,  partially  exposed,  or  melted  out. 
The  icc-corc  In  Fig.  3  appears  as  a  white  lens.   The  over- 
burden of  brownish  sand  is  about  3  to  S  ft  thick.   The  original 
height  of  the  plngo  was  about  20  to  30  ft,  the  section  in  the 
photograph  being  the  highest  part  of  the  ui>eroded  two-fifths 
of  the  plngo. 

Information  on  ice-cores  has  also  been  obtained  from  drill 
records  [4,  27]  and  the  depressions  formed  by  collapse  of 


pingos.   The  typical  pingo  Icc-corc  appears  to  resemble  the 
gross  pingo  outer  shape  but  it  has  steeper  sides-   The  bottom 
of  the  ice- core  is  believed  to  be  rather  flat,  although  evidence 
is  extremely  fragmentary.  As  the  average  overburden  thickness 
is  estimated  at  one-third  to  one-half  the  pingo  height,  the 
bottom  of  the  ice-core  may  lie  roughly  an  equal  amount  balow 
that  of  the  flat  adjacent  terrain. 


Fig.  i.    Wave-cut  pingo  at  McKinlcy  Bay,  69"  59' 
131=  or  40"  W  (Photo  by  J.  R.  Mackay  courtesy  of 
cal  Branch,  Dept.  of  Mines  and  Technical  Surveys, 
Canada) 
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The  shape  of  the  plnqo  and  its  u:r'-coii!.  whether  coniOBl> 
ellipsoidal,  hemispherical,  guntly  donud,  or  ridge- lik«,  la 
govcrrved  primarily  by: 

(a)  The  three- dintnalonal  shape  of  th«  penMflost  SMl 
when  plngo  heaving  oommences: 

(b)  The  bendlno  ttrength  of  the  sUU  frnMn  cvmt 

(c)  The  rate  of  aggradation  of  ptvMboaV 

(d)  The  siM.  ahapa,  voluoM,  and conpoaltlen of  tha 
unfrozen  material: 

(a)   The  rate  of  expulsion  of  pore  water- 
In  gerveral,  the  three- dimensional  shape  of  the  permafrost 
cover,  where  ;he  pi:.go  grows,  piolxibly  ti^si-mbies  a  double- 
conc.5vc  Icr.s-    The  upjier  concave  surface  corresponds  to  the 
la^'j  t-nt'jn  floor  with  the  greatest  depth  near  the  center.  The 
upper  permafrost  surface  wojld  coincide  with  the  lake  bottom 
except  for  rairxir  irregularlller.  or  the  active  layer.    The  lower 
permafrost  surface  would  likely  bo  concave  downward  because 
aggrading  pennafrost  would  have  had  a  lor^er  time  to  penetrate 
in  shallower  areas  than  In  deeper  parts  of  a  gradually  shrink- 
ing lake.    As  water  pre.';5.jre  builds  up  in  a  closed  system,  or 
flow  of  Wdtcr  k;  blockfci  in  an  op<*ii  yyrtttirri,  tlie  place  of 
easiest  pressure  relief  would  thcr/  be  m  the  center  of  the 
double- concave  lens  oi  permafrost  where  the  thic^eness  is 
least.    He  r-:-  in---  pinijo  probably  grows  , 

If  the  tieriding  .stren^jlh  of  tlie  still  liozen  cover  permits,  the 
lake  bottom  is  arched  In  the  thiru'.i' st  por;.    It  is  sugyest.-d  that 
a  strongly  double-concave  p^.-rmafrost  lens  will  tend  to  produce 
a  small  high  plngo.  whereas  one  with  slight  concavity  will  re- 
sult in  a  bulge.    Once  expelled  pore  water  begins  to  done  up 
permafrost,  the  concavity  of  the  lower  pcrmalrr>st  surface 
should  be  accentuated  twcausc  the  penatration  of  permafrost 
would  be  delayed  at  the  site  of  ice  tomatlOII  ttUOUtfli 
retardation  by  latent  heat  effects. 

PINGO  ICE 

Plr>go  Ice  tends  to  be  pure  and  transparent  with  very  llttla  in- 
cluded matter.   It  contrasts  with  the  thick,  tabular,  "dtrtlf" 
horizontal  ice  sheets  which  may  be  present  in  the  same  geneni 
area.  The  crystallographlc  aspect  of  pingo  ice  has  been  llttla 
studied.   Grain  sizes  are  ralativety  large.    Mtiller  found  the 
mean  crystal  diameter  of  several  Mackenzie  Delta  plnffoa  10 
be  l.S  to  2.7  cm  [4l.  Mackay  [ B]  found  cjyatala  up  to  4  cm 
In  one  pingo.  Crystals  up  to  IS  em  In  diaawler  have  bean 
obaarved  in  Ruasla  L26]. 

Flnge  lea  may  be  tayerad.  Whether  this  raprasenta  aaa- 
ional  freeslng  •ffeeta  la  unknoira,  but  the  pfaeneoienon  haa 
bean  npocted  by  aavant  ofaeanrera.  tAcally,  tiw  loo  haa  nany 
butablaa.  often  In  nearly  oontlmKnn  aMnga  wM^  amy  IncUcato 
the  dtieetton  of  eryataUlMtton  bamg  nocnal  to  the  eooUng 
plaae.  Inaufllelent  tobrto  analyiea  an  avaltabi*  to  pamtt  any 
gemacel  etateaient  on  eiyatal  oilentatioa. 

AGSQFnNGOa 

Moat  of  lh*         cleeed-«y«ta»  Maefcenato  Delta  ptnvoe 
(ng.  1)  aie  at  toaat  hundreds,  if  not  several  thousand  ynara 
old.  Mtheugh  the  Bsklne  nenss  fbr  aenie  pf  ngos  sugsest 

growth ,  as  "the  one  that  la  «imifi9"  sr  "the  poor  thing  that  la 
gettlnQ  »  be  a  pUigo"  [2].  so  far  as  the  author  Is  awan  no 
rellahle  htstorle  aooounts  avs  avallahle  on  pJngo  gmwth.  The 
■ges  of  these  plngos  my  be  estlnatsd  in  sevanl  ways.  The 
vegetMleii  eever  and  eaU  huaua  ntteat  to  an  age  of  hnndrada 
of  yeera.  Mioad  loa-wailgaa  of  lai^a  tunda  polygons  may 
penetrate  into  pingo  Ice;  as  the  rate  of  growth  nay  be  only 
one  to  three  feat  per  thousand  years  [28],  large  wedges  five 
or  Ron  ieet  across  point  to  ages  of  several  thousand  years. 

On  the  flanks  of  many  pingos,  poat  of  high-centereid  tundra 
polygons  may  feather  out,  showing  that  most  of  the  paat  has 
accumulated  since  the  plngo  has  formed.   Two  radiocarbon 
datea  for  the  Mackenzie  Delta  area  suggest  a  growth  rate  Of 
I  to  1-1/2  (eet  per  thousand  years  [29].  On  this  rough 
basis .  many  of  the  Isfger  pingos  are  at  least  aevenl  thousand 
years  old. 


Indirect  estimates  of  the  age  of  closed- system  pingos  can 
also  bo  t>asrd  upon  the  relation  between  the  voiumo  of  the  Ica- 
coro,  the  voiunc  ol  kir.frozen  sediment  required  to  supply  ex- 
pelled pore  water  to  form  the  ice-core,  and  the  rapidity  of 
downward  aggradation  of  permafrost .    For  examplf    tlif  -..ze  of 
the  ice-core  of  I  3S- loot-high  Ibyut  plngo  near  Tuktcyoktuk , 
NWT.  ,  is  probably  alxiut  2Q0  .COO  cu  yd.    II  this  represented 
a  10%  volume  oxpansior.  ol  Ireeiiny  water  in  sand  with  2b  to 
30%  porosity,  nearly  .0,000,000  cu  yd  of  unfrozen  sard  would 
be  required.    If  the  shape  of  the  unfrozen  sand  were  corucal, 
any  realistic  estimate  would  give  a  depth  m  the  center  in  ex* 
cess  of  lOQ  ft.    To  this  must  be  added  45  ft,  the  thickness  of 
the  overburden  above  the  ice- ;   1 1-        in-  .un.^  of  1 50  ft  of 
saturated  soli  and  the  "pool"  would  proi«bly  xam;  well  over  a 
hundred,  if  not  hundreds  of  years. 

Many  of  the  larger  closed- system  pinuos  irioy  have  com- 
menced growth  in  the  past  few  thousand  years  follov/mg  the 
postglacial  t.hi-tma:  maximum.    Muller[30l  placed  t.he  age  of 
a  pmyo  near  Tuktoy.jkluV.  at  a  maximurr.  ol  liom  'DOS  tO  10,000 
years  and  of  .another  at  atxjut  40Q0  years.    To  the  east, 
Craig,  l  11  j  has  described  a  pingo  whose  age  n-ay  date  back  to 
the  marked  cooling  of  climate  following  the  postglacial  thermal 
maxl.Tium . 

Closed- isy stem  p-ingos  of  the  lew  I'.land:.  ol  the  Mac'venzle 
Delta  are  young.    Older  inngos  date  buck  at  least  several 
hundred  years,    liowovcr,  some  pingos  appear  to  Ix-  grov/ing 
today  but  few  reach  full  development,  as  they  Iregucntly  ara 
eroded  by  storm  waves.   The  ages  of  the  Yukon  Territory 
pingos  have  not  been  esttnated. 
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ICE-WEDGES  IN  ALASKA— CLASSIFICATION,  DISTRIBUTION,  AND  CLI/^TIC 

SIGNIFICANCE 

TROY  I.  PEWE.  Umveralty  of  Alaska  and  11.8.  Gaelagioal  Binwy  Collage.  Alaska 


Ico- wcilyi'S ,  largr?  masses  ol  'ollnt<!d  ground  lc«  in  permafrost, 
are  currently  widespreau  in  jxilar  and  subpolar  regions  and 
were  formerly  extensively  aistributed  in  m^ny  regions  of  tem- 
perate lat.'._J>_s     Thoir  former  existen  :e  .r  n.JjJ.j  latitudes 
has  lot>g  bt-iMi  koown  [  Ij.  and  many  inieit-ncea  have  b^-en 
made  conc-i'rnlng  their  past  distribution  and  climatK  ii,m:i- 
conce-    The  origin  of  ice-wodyos  has  been  dol>at<'d  or  tuny 
years,  but  only  recently  have  they  been  carefully  exa  n  .-c  d  .2.. 

To  mterprc-t  the  meaning  of  former  ice-wedges  in  now  tem- 
perate latj!-i>-s.  it  is  necessary  to  study  exlstirv;  ice-wedges. 
Alrhouqh  in  some  areas  o!  Alaska  they  have  been  studied  m- 
t.':.-.,ivfly ,  this  represents  the  (list  summary  o(  th<ni  li'.tubu- 
tion.    Only  reconnaissance  information  Is  available  :ot  most  o! 
the  state.   Also,  this  summary  must  of  necessity  be  t>ased  on 
concepts  not  entirely  proven:  therefore,  conclusions  are  tenta- 
tive.  Ice- wedge  distribution  in  the  USSR  has  been  annuaaitaed 
by  Shumskiy,  Schv^tzr^v,  and  Do?,tov."-lov  l33. 

cussiriCATiON  or  ice  in  the  ground 

Ice  in  the  ground  originated  in  several  ways,  and  it  is  neces- 
sar>-  to  outline  briefly  the  general  types  to  understand  mora 
Clearly  the  position  of  the  foliated  ground  ice  masses  or  loe- 
wedgas.  Ice  in  the  ground  can  be  grouped  into  su  classes: 
(1)  Pore  lee,  (2)  segregated  or  "Taber"  ice,  (3)  ioUatedor 
lee-wadga'lea.  (4)  plnge  lea,  (S)  fawlad  lea.  and  (0  lea  in 
cavaa.  abafta.  or  other  openings. 

Pon  lee  is  defined  as  ioa  filling  or  partially  ftUtng  poie 
spaees  in  the  ground.  It  is  foimed  by  freezing  pore  water  In 
alta  with  no  addition  of  water-  The  ground  contains  no  nMra 
watar  in  the  solid  aute  than  the  ground  eotild  hold  if  the  water 
ware  in  tiw  liquid  atata.  Black  C4]  tanas  Itosen  «raund  with 
auA  lee  aa  under>  saturated  or  aatuntad. 

Bagiegated  or  Taber  ice  is  described  as  Ice  seams,  lenses, 
or  layers  generally  l  to  108  mm  thick  that  grew  ta  the  ground 
by  drawing  In  water  aa  the  ground  became  ItoMn.  Tbber 
[S  to  to]  was  a  pioneer  in  deawnslntlno  this  phenomenon 
altbougb  Beskow  Cll3  did  active  work  In  this  field  at  about  the 
same  time.  WMle  the  pdiwlple  of  bringing  watar  to  a  growing 
lee  erystal  Is  genanlly  •oeepted.  there  la  not  complele 
egiOMMnt  as  lo  the  mechanics  of  the  pioeessea  ( 12  tn  IS]. 

Segragated  lee  has  been  refemd  to  by  various  tanas,  euch 
aa  lea  aaama,  lea  aagregatlens,  ice  gneiss  ClK],  strldn-type 
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ice  [  17  J  .  and  others-    To  simplify  the  termlnoiojy  the  -author 
has  lOTig  used  the  term  Taber  ice  in  the  field  and  in  the  cj335- 
room  for  ice  segregations  in  the  ground  and  suggests  that  !t  ls 
an  euphonious,  short,  and  apipropr^ate  term  to  us-:-  wi,  :.  m  :.:t  - 
ring  to  ice  of  this  type.   (The  term  was  orjg.nally  sj-^aestec  to 
•.t:,'  ii.j;l.i)r  by  A.  H.  Lachenbcuch,  l,'.S.  Geologiia.  Survey.) 
I'ote  ice  and  TalMjr  ice  occur  both  in  jeasoriaiiy  !ro.:eu  cjrour«l 
and  in  permafrost.    Black  .•iJ  toiers  to  permafrost  rnntxisodof 
this  type  of  ice  as  being  supersaturated  because  it  contains 
more  water  in  the  .solid  state  than  the  ground  COUld  pOBSlldy 
hold  if  wnler  were  in  the  liguld  state. 

Foliated  ytouna  ice  .  IBJ  or  wedge  ice  1 1;  the  term  given  to 
larje  masses  of  ice  which  grow  in  thermal  contraction  cracks 
in  permafrost.  A  more  coiopleta  descrlptlen  Of  this  type  Of  lee 
1.1  given  later  in  this  paper. 

Pir>go  ice  is  clear  or  relatively  clear  ice  that  occurs  in  more 
or  less  horizontal  or  lens-Shaped  masses  SO  to  100  m  in  di- 
ameter and  up  to  SO  m  thlek  In  permafrost.   It  evidently 
originates  from  ground  watar  under  hydrostatic  pressure  [l9j . 

Burled  ice  in  permafrost  Includes  buried  sea,  lake,  and  river 
ice  and  snow.  Buried  glacial  loe  blocks  in  a  permafrost  cUraate 
would  also  fall  into  this  category. 

Ice  formed  by  freestng  watw  In  openings  in  the  ground  euch 
as  eaves,  shafts,  and  gulllaa  eenatltuta  a  aeparate  type  9t 
ground  lc«. 

rOUATEO  GROUND  ICC  OR  ICE- WEDGES 

The  most  conspicuous  and  oonboveraial  type  of  ground  lee  la 
that  of  the  large  ice-wedges  or  maaees  ebaraetertsed  by  PBral> 
lei  or  subparallel  foliation  stracturaa.  foliation  planes  an 
nrariced  by  films  of  otganie  or  inofganle  matter,  air  bubbles, 
and  boundary  surfacea  beMraao  lea  layara  of  dlffannt  mmpo- 
sltion.  The  taim  foliation  used  to  deacrlbe  this  lee  has  no 
genetic  impUcetlon;  this  usage  follnws  the  generaUy  accepted 
aieanlng  of  the  tern  as  applied  to  meusiofphlc  sodts.  The 
tena  wedge  ice  ia  not  used  because  tiia  shape  of  the  lee  snaa 
ta  not  always  a  wodge. 

Meat  fallatad  lea  massaa  oceiv  as  wedge-  shaped,  vartlealt 
or  Inclined  aheets  or  dikes  1  em  to  3  m  wide  and  1  to  10  m  higli 
when  seen  in  tianewerse  cross  seetiaa  (Pig .  1) .  8oaie  mea8ea« 
when  seen  on  the  face  ef  fioien  cliffs,  mey  eppeer  es  hMteon- 
tal  bodies  a  few  centimeters  to  3  m  In  thiekneas  and  0.  s  to 
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Fig.  1.    Inactive  ice-v,fid^e  :r.  orgar.ic  rich  perennially  frozon  Fig.  2.    Small  active  Ice-wedge  In  gravel  at  Point  Barrow 

slit  exposed  In  placer  gold  minlrvg  operations  on  Wilbur  Creek  Spit.  Alaska  (Photograph  by  T.  L.  Pewe.  August  12.  1961) 

near  Livengood,  Alaska  (Photograph  by  T.  L.  Pewe, 
September  19,  1949) 


IS  m  lorvg.    The  true  nature  of  the  Form  of  Ice- wedges  can  be 
seen  only  in  three  dimensions.    Ice-wedges  are  parts  of  a 
polygorkal  network  of  ice  enclosing  polygons  or  cells  of  frozen 
grourMl  3  to  30  m  or  more  In  diameter. 

Ice  crystals  in  ico-wedgos  range  In  size  from  less  than  1  mm 
to  more  than  100  mm  and  are  n>ostly  equldlmenslonal.   They  are 
aithedral  or  subhedral  with  smooth  borders.    Many  Ice-wedges 
contain  sharp  walled  veins  1  to  S  mm  wide  of  younger  clear  Ice 
parallel  to  the  foliation.   These  extend  to  the  top  of  ice- 
wedges,  or  even  Into  the  frozen  ground  above  tee- wedges 
(Fig.  2). 

The  most  striking  field  relationship  between  the  vertically 
foliated  Ico  masses  and  the  enclosing  sediments  Is  the  almost 
universal  appearance  of  upturning  of  the  strata  adjacent  to  the 
wedge.    The  uptumii^  may  effect  the  sediments  O.S  to  3  m  on 
either  side  of  the  wedge,  being  greatest  at  the  top  of  the 
wedge. 

The  network  of  foliated  Ice  In  the  ground  generally  causes 
a  microrelief  pattern  on  the  surface  of  the  ground,  generally 
called  polygonal  grourtd,  tundra  polygons.    Troughs  which 
delineate  polygons  are  generally  underlain  by  ice-wedges 


1  to  2  m  wide  at  the  top.    Polygons  2  to  30  m  In  diameter  are 
not  to  be  confused  with  small  scale  polygons  or  patterned 
ground  produced  by  frost  sorting  [20.  21 3. 

Polygons  may  be  low  centered  or  high  centered.  Upturning 
of  strata  adjacent  to  the  ice-wedge  may  make  a  ridge  of  ground 
on  the  surface  on  each  side  of  the  wedge  [22.  Fig.  2S  and 
plate  29b],  thus  enclosing  the  polygons.   Such  polygons  are 
lower  in  the  center  and  are  called  low- center  polygons  or 
raised- edge  polygons  [2.  plate  I,  Fig.  3J .  They  are  errone- 
ously termed  by  some,  "depressed  center"  polygons.  Low- 
center  or  ralsed-edge  polygons  irvdicato  that  ice-wedges  are 
actually  growing  and  that  sediments  are  being  actively  up- 
turned.   If  erosion,  deposition,  or  thawing  is  more  prevalent 
than  the  up-pushlrtg  of  the  sediments  alor^  the  side  of  the 
wedge,  or,  if  the  material  being  pushed  up  caniK>t  maintain 
Itself  In  a  low  ridge,  the  low  ridges  will  be  absent,  arxl  there 
may  be  either  no  polygons  at  the  surface  or  the  polygons  may 
bo  higher  in  the  center  than  troughs  over  the  Icc-wedges  that 
enclose  them.    Such  polygons  are  called  hlgh-contcr  polygons, 
erroneously  termed  "raised  center"  polygons  by  some. 

The  origin  of  largo  ground  Ice  masses  in  perennially  frozen 
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cjrojnd  oi  North  AaMClo  has  been  discussed  in  prim  .-.inci- 
Kotzebue  K'corded  gfound  icn  it  n  ^poj  »*r>w  termed  Elephant's 
Point  in  Cschsrholtr  Boy  o!  Seward  Pcrinsula  [23j.  The  origin 
Ot  Broond  icc  was  discussed  earlier  in  Siberia  [22^.  The 
general  theory  for  tne  ori'jm  o;  ice-wedges  now  accepted  Is  the 
thermal  contraction  theory  ot  LefUngweli  [22,  24 j.   Thl«  was 
SHoelnetly  ■wmmiIzwI  by  taohMiferueb  CzJt 

DiMlng  tlM  Arette  wfotar,  vwtlcal  ItMturaa  on  the  otdar  of 
oiM-t«nth  of  OB  inoh  wida  Md  avwml  foot  daop  mn  kwwn 
to  fam  in  the  fiOMn  tundn— this  pioeeu  It  genmlly  ae- 
oomiwnlod  by  loud  raportt.  They  ar»  astunwd  to  bo  tho 
wmilt  of  tonalon  caused  by  thormal  contractien  of  tha 
tundra ■  In  aariy  spring  it  is  supposed  that  water  from  the 
flwltlav  aiMW  ftMMa  in  these  cracks  and.  with  accumulat- 
ing hoarfirost  pioducna  a  vertical  vein  of  ice  that  penetrates 
pannafiost.  Horizontal  oompresslon  caused  by  re-expanslon 
of  the  permafrost  during  the  following  summer  results  In  the 
upturning  of  penaafiost  by  plastic  deformaUott.  In  the 
winter  that  follows,  renewed  thermal  tension  supposedly 
reopens  the  vertical  Ice-cemented  crack  which  is  presumed 
to  be  a  zone  of  weakness.   Another  increment  of  Ice  is 
added  when  the  iprjng  melt  w,it<-i  .Mitcrr:  ti<'  t<T\ewed  crack 
and  freezes-   Such  a  cycle,  it  is  argued,  acting  over 
canturfas,  would  pioduea  tho  vartlcal  wodga- iliapad  naaa 
of  lea. 

Iha  polygonal  conOguntlon  la  gonanlly  thought  to  bo  a 
natuni  cenMqiianea  of  eoniraetlon  origin. 

Meat  tvoricara  faatfUar  with  tha  pioUan  In  tha  Qald  support 
tbia  hypotiioalB  C2.  3. 4. 16.  20.  21.  22. 24  to  33].  lobar  Cl6l 
and  Etwln  Schenk  fatal  communication)  do  not  agtoa  with  this 
hypothoila. 

Hoflaonlal  tonalen  la  tot  up  in  the  ground  by  ita  taodaacy 
to  eoMfaet  upon  eoellng.  laohanbrnch  [  2i  daducaa  tiwt  tha 
first  eracle  ii  initlatad  at  tha  ground  surface,  but  that  aacklng 

in  subsequent  winters  is  ir.itiated  at  the  top  of  the  Ice-wedgaS 

Sti«:!f.s  At  the  wedge  top  evidently  excei-ils  th*  strength  of 
wedy-  ICO  l>i-forp  the  greater  stress  at  the  around  sjrface 
exceeds  the  (presumably)  greater  strerr^th  of  the  surface 
rr.aterials.    Thus,  the  crack  would  iratiate  at  the  top  of  a 
wedge  and  propagate  upward  through  the  active  layer  to  the 
auifbea  and  downwaid  tfatough  tho  wodga  into  pomafMat. 

Per  tho  MMUMst  oaauai  thamol  tension  at  tha  top  of  the 
panMfiroat  to  ba  of  tha  sano  ovdar  of  owgnituda  aa  ttio  strength 
of  toUated  ground  lea,  tha  ground  muat  oool  at  a  certain  iota 
tOr  a  certain  period  of  tlna  during  a  winter  oold  snap. 
Lachenbruch  (oral  comnuRi cation,  1962}  states  that  although 
the  relations  that  detennina  «rhathar  an  ice-wedga  cracks  ara 
extremely  complex,  a  single  simple  criterion  that  takes 
account  of  many  of  the  factors  is  tho  minimum  winter  tenpara- 
ture  at  the  top  of  the  pennafiost.   He  suggests  that  when  ItO 
value  Is  faalow  -15°  to  -20°C,  the  active  cracking  of 
lea-wodgos  nlgbt  ba  owpoetod  In  nwny  pannafeest  siBtoiUU. 

ciAsancAnoM  or  icb-wbdgcs 

Ice-wedges  may  be  cUs^.ifiod  in  many  ways,  such  as  origin, 
size,  shape,  end  age.   Thv  following  classification  is  based 
on  their  rfeyrcc  o(  activity  .in  i  -i  itnry,  and  Fermits  aerial 
mapping  and  geographical  subdivision  Of  the  types  in  a  general 
way:  (1)  active  ice-wedges<  (21  laocBvo  lea  wodgaa.  and 

(3)  fossil  Ice- wedges. 

There  is  a  complete  gradation  from  acllvp  to  inactive  to 
fossil  ice-wedges,  both  in  position  on  the  scale  and  in  aerial 
dlsttlbution. 

tottualco.Wodaoa 

Aetlvo  ieo>wadgoB  ato  daftoad  as  thooo  wMoh  ore  aetlvoly 
giowlaa.  Iho  wadge  may  net  eioek  ovaiy  yoir.  but  during 
■laay  or  noat  years  oacliliig  doos  eeeiir  and  an  incraaiant  of 
lea  la  added. 

Active  loe-wadgoa  ore  dlffafaat  itoA  olhar  leo-aradgoa  in 
that  open  eneks  1  to  IS  an  wide  nay  aidst  and  oxtond  to  the 
aurfaeo  in  tha  wlntar;  eweo  In  the  sunnar  the  vegetation  ant 
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on  tho  surface  can  be  parted  along  this  contraction  cracs 
Actively  growing  ice-wedges  Jn  summer  may  have  an  ice  vein 
extending  from  the  ice- wedge  upward  to  the  base  Of  the  thawed 
zone  IF15.  2).    (See  also  [35,  Fig.  3]). 

Low- center  (raise  l-e  lije)  pclygcr.s  arc  well  developed  and 
ubiquitous.    Such  iriicrotoposjraphy  is  widespread  in  polar  areas 
ot  actively  grciwinr;  n -i-- wpdges  and  .land-wadgos  C28.  36]. 
High-center  pcilyijons  .hI^io  n^y  be  present. 

The  area  of  .HL  iive  ico-wedge^:  in  Alaska  appears  to  roughly 
coincide  with  the  continuous  rTmafrost  rone  (Fsg.  3)  arid  is, 
in  a  yneral  way.  r-?3tricted  to  ncrthorri  arid  ricrthwe stern 
Alaska.    In  this  area  active  cr<irking  into  ice-wedges  has  been 
observed  more  often  t.^an  elsewhere  in  Alaska;  low-center 
polygons  are  widespread  and  well  developt^dr  the  moagor  ther- 
mal data  available  indicate  that  the  temperature  of  the  ground 
at  the  top  of  permafrost  is  about  -1S°C  or  colder.  This  araa 
is  limited  almost  entirely  to  ttOKlrB*  AottVO  lOO  WOdgOS  OOOUT 
in  slit,  sand,  and  gravel 

From  north  to  south  in  Alaska  a  decreasing  number  of 
wadgas  crack  freciuently .  The  line  dividing  tha  aonas  of  active 
and  Inactive  ice-wedges  is  arbitrarily  placed  at  the  position 
where  low-center  or  raised-edge  polygons  ara  Ultcoaunon  and 
Whore  it  is  thought  most  wedges  do  not  freguently  crack.  Whan 
nofo  data  become  avallabla  coneamlng  tha  tamporatura  at  tho 
top  of  the  permafrost,  perhaps  thla  atbttnry  Una  nay  bo  note 
accurately  placed. 

Tha  araa  of  active  wedges  in  Alaska  outUaad  In  Dg.  3  has 
the  most  rigoroua  cllawte  of  the  state.  The  swan  annual  air 
temperature  rangea  fiOBi  about  -6°C  or  -8°C  on  the  south  to 
'IZ'C  at  Banow  on  tho  north  (Fig.  4>.  The  nean  aoaual  degree 
Cd  days  of  frsosing  range  bom  2800  to  S400  (Fig.  5} . 

WiBtara  are  vasy  cold  and  ausmara  are  cloudy  and  cool. 
Batfi  salalall  and  anowtoll  are  light— about  20  oa  annual  raln- 
Ibll  and  leaa  than  140  em  of  anew  annually,  fltiowlbll  la  light 
and  accumulatlcn  is  tfitn  enough  te  pemlt  great  eooUng  of  the 
gnund,  eapaelally  alnea  nuch  anew  la  blown  by  tha  wlnda  to 
provide  an  uoovoa  ground  coirar  and  packed  by  drifting  to 


ng.  3.  DIatHbution  of  lco»wodgoa  and  panna&oat  In  Alaska 
(Genpllad  by  T.  L.  fM 
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vtovUrn  tattw  hwt  tniistor< 

FMmfmt  In  th*  «Ma  of  aetlve  loe-wedgM  la  claaMd 
conttnuout  and  la  aetlvaly  toimlng.  It  it  up  to  405  m  thick 
C  37]  and  has  a  tampamtura  of  -S'C  or  ooMar  at  tlia  laval  of 
laro  amplitude  (depth  of  20  to  30    .  TlM  ceideat  pennaboat 
measured  m  Alaska  is  -10.6*C  near  Barrow  [37].  Minimum 
tamparatur*  o(  the  ground  in  winter  at  the  top  o(  the  penna- 
fioBt  table  (top  of  the  ica-wadga)  langaa  irani  about  -1S*C  on 
the  south.  -Il"  to  -14*C  near  Kotzebue;  (estimated  from  Irt- 
complete  data  from  Cold  Regions  Research  and  Engineenng 
Laboratory  [CRRELJ  .  1963,  U.S.  Army  Corps  of  Engineers. 
Hanover,  N.H.)  to  about  -  30°C  In  the  far  north  n^ar 
Barrow  [2..   Temperature  at  the  top  of  the  permafrost  toble 
,i;  ftjotoruk  Creek  near  Point  Hope  is  about  -18°  to  -20°C 
based  on  a  two-year  record  (oral  communication,  A.  H. 
Lachanbruch,  Nov.  20,  1060. 

Inactive  Icc-Wodso3 

Inactive  ice-wedqos  are  defined  as  those  which  are  no  longer 
growi,-ii.    The  wedge  does  not  crack  ir.  winter  ar.d  therefore  no 
new  ici;  IS  flcded.    There  is,  of  ccur.se,  a  grfidritio:.  between 
activi-  icc-wcdgos  and  inactive  ico-wodsji-s  rr*[)r'".;i':.ti!d  hy 
those  wcdcjes  which  cracV  rarely.    !r.  this  paper,  ivedgcs  which 
crack  rarely  will  he  arouped  with  the  iractive  wedges.  Iri- 
aciive  ice-wedges  have  no  ice  seam  or  crack  exter.dir»g  from 
the  wedgi-  upward  to  tin-  surt.ici'  m  the  -'iprir.g.    Thfj  wedge  top 
may  £»>  Hat  (Fig.  1).  cspcclaiiy  si  th<jwit>g  has  lowered  the 
upper  surface  of  the  wedge  at  some  time  in  the  past-  Low- 
center  or  raised-odge  polygons  are  absent  or  rare,  but 
lllgh- center  polygons  are  comnor.. 

The  area  of  inactive  u-e-wedges  in  Alaska  lies  south  of  the 
Ercxikfi  Range  and  control  .ini  western  Seward  Peninsula:  the 
northern  boundary  of  the  zone  roughly  coincides  with  the  dis- 
continuous-continuous permafrost  line  (Tig.  3).   The  area 
extends  south  to  the  Alasica  Range  and  almost  to  the  lower 
Kuakokwin  dmlaaga  (Tig.  2) .  Faw  data  ara  avsllaUa  to  par> 


nit  tha  placing  of  avu  a  bnad  Una  mdloattag  tha  asHHiaai 

berdar  of  tnactiva  foa-nvadgaa  In  tiia  %ite»>Kidwkwlai  Dalta 
area.  Inactive  ice- wedges  In  JUaika  bava  been  described  only 
fro  IB  frozen  silt  [16,  18,  3S,  39,  403;  nonaara  known  to  aodat 
entirely  in  sand  or  gravel. 

In  the  araa  of  inactive  lea-wadgaa  eiitUnad  In  Fig.  3,  tha 
mean  annual  air  tampantura  cangas  from  about  -2*C  on  tha 
aouth  to  about  -6"  to  fl*C  on  the  noctfa  (Fig.  4 .  Tha  dagraa 
CO  days  of  freezing  range  from  1700  to  4000  (Fig.  S).  The 
climate  is  maritime  on  Ih-.!  west  and  continental  in  central  ADd 
eastern  Alcn.»;a.   Snowfall  lonycs  from  100  to  200  cm. 

Permafrost  in  the  area  of  inactive  ice-wodgos  is  classed  as 
discontinuous,  and  it  Is  forming  only  In  favorable  localities- 
It  is  tjenerally  30  to  100  m  thick,  but  thickness  of  1?0  to 
180  Ti  are  reported  from  near  Bethel  (Pdwe  and  Hopkins,  un- 
published data)  .    Temp<!rature  of  permafrost  at  the  level  of 
zvro  amplitude  i.jny<-5  from  -O.S^C  near  Fairbanks  to  an  esti- 
mated value  of  about  -■I'C  at  the  northern  boundary.  Minimum 
winter  temperatures  at  the  top  of  permafrost  are  -3.3^0  (;om- 
peratare  date  for  the  cold  winter  of  1961-  196Z,  from  F.  Kitze, 
oral  commi.;."iicatlon .  CRREL,  Fairbanks ,  Alaska)  near  Fairbanks, 

at  Northwoy  (temperature  data  from  CRRKL,  U.S.  Army 
Corps  of  Enyinccrs ,  Hanover,  N.H.,  1963),  estimated  to  be 
-      to  -b-'C  in  t-'i  ■  ;7'  i  ;er  River  Eiasin  b-ascd  on  a  4-  to  6-yaar 
record  (A.  H.  Lachei  r  i  u  -  h  ,  oral  communication,  Nov.  20,  1962) 
and  suggested  to  Ix:  -  1  i    to  -  IS'C  riear  the  txjrthern  border  of 
the  lono.    Such  ground  tcmi:<;raturcs  prolxjhly  rarely  permit 
thermal  cracking  of  the  ico-wcdgos:  theti-fore,  no  or  little  ice 
Is  added  to  existing  Ice-wedges  and  they  con  be  considered 
doTTiant,  relic,  or  inactive. 

The  climate  is  such  that  therma.  contraction  cracks  may 
Oc:<:ur  undi-r  (avurable  condition.-i  :t\  .lea.soia  1  ly  fro .ie.-i  ground  , 

especially  in  areas  where  snow  is  blown  away  or  artillcially 
packed  or  romovad,  tueh  ai  in  loada  and  patlwraya  in  tha 
Fairbanks  area. 

la  thla  aona  ti>«  perauftoat  of  aonm  araaa  of  ponnaalila 
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sand  and  gravel  has  beer,  thawed  by  hi-fi'.  supplii-t:  lro:n  moving 
groundwater.  Ics'Wedges  formerly  existing  in  such  sedinvenls. 
thmfm.  an  vo  longar  graMiit. 

lNMi.6i.rt  Zmm  With  Mo  li».W«fa.. 

South  of  tho  tone  of  Inaettvo  leo-wodgot  In  Atatka  fhen  Uos  a 
lOM  of  dlaeonttmioui  pamaftiwt  lliat  oonlalM  fimr.  If  any. 
lca*wdgaa.  Ihla  aiaa  liaa  loulh  of  iha  Alaska  Rang*  and 
inelndaa  tha  Coppar  Mvar  taaln,  tiw  mlddla  Sualtna  Mvar 
valley,  the  BilglBl  Bey  iMrlend  (E.  H.  Miiller.  wiltten  <»■- 
■nmleatlon.  March  fl»  l9S3t«  and  peilwpa  Iba  aouthern  pait 
of  the  yukon-KuakokwliB  Delta  {Fig.  at  ■  Pema&eat  In  lUa 
area  la  dlaoontinuout  or  apeiadlc  and  pfobaUy  has  a  tenpara- 
twe  at  or  near  0*C  at  the  level  of  aaie  aatpUtuda.  The  mean 
enmial  air  tampeiatiue  of  the  aiee  la  abont  0*  to  -3*C  (Fig.  4  • 
The  degiee  CC)  days  of  freezing  niige  ttem  SOO  to  2800. 

Iea*wadges  aie  not  growing  in  Ma  none  now.  Pmhsps  they 
did  not  foiiD  In  moat  of  thla  aone  durtng  the  wiaeonaln  Olaola- 
turn  baeauae  durtng  all  or  part  of  Wisoonstn  time  aioat  of  the 
■one  was  under  masBlve  glaciers  or  pro-glaclal  lakea  C4t3. 
After  withdrawal  of  the  lc«  or  lakes ,  permafiost  has  fOnnad 
locally  but  the  climate  evidently  has  not  been  rigorous  enough 
for  the  formation  of  many  ice-wedges.  Areas  outside  of 
glacial  advances  of  late  Wisconsin  age  nay  have  had 
ice-wedges  but  many  or  all  of  the  we<lgas  have  now  melted- 

rossil  Ice-Wedges 

Poaall  iea«wedge8  are  deflrtsd  as  sedimentary  stfuetarea 
tofmed  as  a  result  of  an  lce>wedge  melting  and  the  space 
formerly  occupied  by  it  being  subsequently  filled  with  some 
type  of  sediment.  Meny  tems  have  been  used  to  describe 
these  features  besides  (ossti  toe-wedge:  Ice-wedge 
paeudomorph,  lea-«redge  fill,  ioe««redge  east  [42].  fepte  df 
glace  remahe  [43] ,  ftost-fvedge  (  44] ,  and  others.  They  alao 
have  been  enoneoualy  termed  "foe-wedgea"  by  Jahaaaon  (4S, 
46].  nitptak  C47] .  and  GeUamy  t4«]. 

I^ssll  tee-wedges  are  geiwaUy  deecrltaed  as  wedge-shaped 
flUlnga  of  sediments,  and  a  velttarinoua  literature  enlsta. 
Btalnly  la  Bunpe.  Mudi  confusion  aaaats  eoneemlng  true  and 
false  ImbU  toe-wedges  es  %»ell  as  their  palaocltmatlc  slgnlfl- 
esnoe.  The  fUUng  la  derived  fMm  betti  the  sediment  on  the 
sides  and  from  the  overlying  material.  The  fill  generally  hes 
a  btmodal  siaehanlea)  analysts  curve  (Oturch.  Pewe.  and 
Andteaen.  in  presd  If  the  fossil  ice-wedgee  are  In  grevel.  but 
may  also  be  untmodal  or  multinedal.    The  fill  la  not  always 
wedge  shaped  but  may  be  vany  inegular  CFIg.  4. 


Pig.  S.  Fbasll  lee-wedpe  ta  eutmash  gravel  of  Wisconsin  age. 
SO  km  south  of  Mg  Delta,  Alaska  (Ftom  Church,  Mmi,  and 
Andreaan,  in  praa4 
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F'ns3ll  icc-wo'Jyc5  have  bcri  dc"jcritx-.l  inn  all  :.)vcr  the 
world,  but  !p'.v  have  hwreri  described  irom  Alaska.  Hopkins, 
MacKoll,  at.i  Leopold  .43,  lU^stratf  three  sina!l  (o?:;,iU'  Ice- 
Wi'diji'^i  rtttiT  ;r;r- Wi'dgi' ■;  c  l  Wisconsin  ag«»  ir"  y..lt  !tcri  the 
No!n<'  niry-    A  Ac.wr  nn-ltKij  tops  o^  icr-wfd^r-i  oj 

Wisconsin  aye  ir.  siit  oi  the  lairtMnks  area  have  tormed 
downwarps  of  sediment  1  to  K)  It  over  tho  Ice  [27].  Fossil  Ice- 
wedges  of  Illinoisan  age  are  present  In  sll!  r  ini-  r:ilrbanks 
area  but  are  not  reflected  on  the  surface.    To  ;-..]  :i  e-wedges 
ranging  in  age  from  Sangamon  to  Recent  are  uxtenstvely  de- 
veloped In  tho  Koizebuc  Sound  region,  especially  on  the 
Baldwin  Peiunsula.  but  also  have  no  surflclal  expression. 
Some  well  developed  fossil  ice-wedges  after  tee-wedges  of 
Wisconsin  age  ate  known  m  Alaska  in  permeable  sand  nnrt 
gravel.  The  most  thoroughly  studied  of  such  fossil  id  - 
wedges  occur  in  outwash  gravel  of  Wisoonstn  age  south  of 
Big  Delta  in  Cential  Alaska  (Ftg.  0  (Church,  P^.  and 
Aadrssen.  in  preaa) .  The  gravel  In  this  area  la  now  thawed 
except  for  isolated  deep-lying  rallea  of  petmattost* 

Fossil  lee- wedges  may  be  reflected  by  a  pOorly  10  well 
developed  polygonal  grtMmd  pattern  [SO,  SI.  Sii,  an  inheri- 
tance of  the  tee-wedge  mieiorelief  polygon  pattern.  The 
pattern  Is  similar  to  ice-wedge  polygons  except  that  iKla  leaa 
well  preserved  and  net  associated  wltii  beaded  drainage,  thaw 
gullies  with  angular  courses,  thaw  lakes,  or  pingos.  Excel- 
lent polygoital  ground  occurs  with  foasll  ice-wedge*  so  km 
south  of  Big  Delta,  Alaska.  Such  wedges  may  also  be  present 
in  alluvial  gravel:  polygonal  patterns  similar  to  those  of  the 
Big  Delta  area  are  present  In  the  upper  Delta  River  Valley, 
Wood  River,  lower  Black  River  Valley,  the  Bristol  Bay  area, 
and  the  r»rthern  Seward  Peninsula. 

Fossil  ice-wftdges  originate  when  ice-wedges  melt  Wdi- 
irvg  ol  the  wedge  occurs  when  permafrost  thaws,  generally  from 
thr  ic.yj  ■Ac'wn,  cr.rrm  rdy  in  rospon?"  to  a  warming  of  mean 
orr.i.jil  ajr  •.ijrTj'CraV.r-:  s  to  a  i-jv-?!  ot  ,ibove  U~C. 

It  appenrs  thii;      firr-ris  ol  fi."'iTi-"'.'!t-r  -.fiv  1  and  cjrrtvl  Having 
active  grO'..r-J  Wi^'.er  t:,C(  .jl.=ilioii,  poi-n.* 'r'' ,it..l  ,cc-wydges 
ni<^','  d.^.^pipivit  wr.h  'r::iM-ip.:i--,t  iPT-n.-jtion  nt  |ri5sl!  ice-wedgcs 
when  ihii  mertti  dnr,u.il  ,ijr  I'vi'jjt^r.jtvjic  i;^  at  'U  above  C)"C  for  a 
shorter  time  than  in  irn?  '.vh.^rc  tce-wedcjes  are  m  perennially 
frozen  slit.    In  central  Alaska  tew  ice- wedges  in  perennially 
frozen  slit  have  r-  er.  completely  thawed,  but  many  that  existed 
in  permeable  gravel  ace  gone,  and  the  voids  are  filled  with 
sediment. 
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ORIGIN  OF  ICE-WEDGES 


BRMTIN  SCKBMK*  GtetMii.  West  OMUMiiy 


Ice-wedgcs  arc  a  Joninisnt  an:l  choractorislic  I'-aturc  ol  'unilra 
areas  with  permisfrojt.    In  general  they  are  conrn-'ctcd  wi'.h 
turicird  polytjons^    Thf  oriijm  ol  :ce-wedges.  therefore,  cannot 
Ik'  conslticroJ  without  thr  oiiysn  o'  u.r.ilrrt  polygons.  Ici;- 
wodgcs  form  their  txirdor  as  nass.vn  ground  ice.  as  .-i  lilliny  ol 
dfiep  ,  narrow  or  broad  cracks. 

Fro.st  patt-^irned  ground  tundra  polygons  and  Ice-weciges 
occrut  in  p<>n'nnKHll'/  !io/t-n  wft  -'ioil-.  ol  thf  Arctic  snd  sub- 
arctic In  the  txire-al  forest  /one  (laiga)  they  are  (ound 
as  a  rolic  of  poinafrost,  pro:iiic;r.j  rvogative  morphological 
features  as  broad  ditches  surrounding  mounds  L  1  j .    In  ths 
Pleistocene  perlglacial  area  their  fossil  structures  are  ftllftd 
with  sand,  loam,  and  other  materials  of  the  overburden. 

Single  occurrervce  of  fossil  or  Recent  Ice-wedges  does  KM 
•Min  to  be  rare  and  they  are  often  bound  to  sandy  layer*. 
wiMtMa  most  icc-wcdgas  occur  in  clay  and  stlt  totls  OM 
OftMt.  «ap«clally  In  the  upper  layer,  have  en  enormous 
oootent  of  Digenic  matwlele. 

The  oiganlc  detntus  favors  a  very  high  water  oontent  oi  the 
ground  and  U  Increased  by  seasonal  and  daily  froit  activity  In 
tha  uppar  layart  ol  peniwirosl.  In  dry  eoll*  one  never  sees 
tundra  polygons  and  loe- wedges. 

Tlwea  dicumstanoea  compel  one  to  classify  ground  with 
polygons  and  loe-wedges  as  wet  soils  o(  the  Arctic  and  sub- 
Aictle.  Tlila  must  ba  ampbatlMd  baoauaa  o(  the  donlnant  role 
o(  watar  eemam  o(  toil  In  lha  ortgln  by  limat  of  patterned 
gnund  Mil  atnieturat  and.  aapaolally .  pattamad  ffiound  [2,3]. 
lha  tundn  polyoens  ara  botdarad  avarywrtiara  by  dMP  maehtno 
loo-iradBaa  aometlaa*  faning  a  mash  of  trlanalaa.  quad' 
rannlas.  pantagons.  and  baxagons.  Thstr  dlametars  and  areas 
maasurad  bom  aarlal  photosiaphs  an  about  ISO  m  for  tha 
laigast  tema,  SO  m  Ibr  (ha  mlddla,  and  1$  to  20  m  far  tha 
small  stnicturaa.  Polygons  with  ahoitar  diamatara  laad  to 
tpaeial  stnicturaa  whl^  ara  Jdund  lo  tha  active  fmst  layor  of 
tha  surfaea. 

Tha  anglas  of  tha  pelygens  and  surrounding  tca-wadgas  that 
cut  the  ground  Into  aaetlons.  aa  wall  as  tha  dlamatar  of  tha 
polygons  and  thalr  nlatlon  to  one  anothar,  eoaatituta  assantial 
arid  futvda mental  data.  Statistical  Investigation  of  aerial 
photographs  in  tta  Arctic  Rasaarch  laboratory,  at  Banow, 
AUaka  tor  I9S7  and  lOSO  raflaots  tha  ratio  of  about  1  to  1  far 
surflelal  dimanaloaa.  This  indlcatas  a  gatwttc  betor  tor  tha 
davalopment  of  the  polygons.  I.Ot ,  tha  strain  that  fbms  tha 
cracks  and  their  directions. 

Furthermore,  by  aerial  photographs  of  tha  arctte  coastal 
plain  in  Alaska,  Iberia,  and  Taimyr  Peninsula  Cll,  T  could 
detamtfna  that  quadrangle  fbrms  occur  only  on  slightly  m- 
cllned  surfaces  along  lakes  end  seashores,  while  pontagons 
and  hexagons  definitely  predominate  in  horizontal  plains. 
The  cracks  of  the  quadrangle  structures  are  formed  by  one 
system  ol  cracks  p.nrtlU'l  .=ind  another  one  perpendicular  to  the 
beach.  I.e.  ,  In  a  r,!idiai  direction  from  the  basin,  the  lake,  or 
the  slope.    This  indicates  that  the  str-^m  form.r.j  thi-  t-t,icks 
by  frost  effect  15  inrluenced  here  by  the  ir.cl. nations  c)  thi; 
heezlng  layer— by  i7r3vity. 

Strain  -luch  a?,  contraction  tension  always  develops  a  triple 
radial  st,3i ,  Ihi^  center  of  which  is  the  corrjer  cf  three  hexayons 
as  they  are  known  from  cooling  basalt  or  Lir.  jr,^  cifiy  and  Irom 
frost  experiments  (Fig.  1)  at  Barrow  m  lOSO     In  hoxr>jt!neous 
materia!  the  points  for  developing  triple  rays  arc  reyulorly 
dislilhuliv.l;  therefore,  regular  hex.^gc r.s  and  pentarjons  arc 
developed  over  v.Tjt  Ateas.    Such  rays,  when  penetrating  Into 
the  depth,  also  develop  lorks-    This  has  been  shown  by  photo s 
and  film.;;  .  jJ  taker  cf  the  freezing  ground. 

In  the  jfiterior  of  suc-j  hexaf^ons,  new  stra.n  points  for  a 
triple  radial  star  ar>^  created  by  rurther  contraction  tcnsiori. 
The  developintj  oi  cract;,  l-i-ads  to  smUer  and  still  smaller 
hexagons  and  polygons  because  ol  the  crossing  o(  the  rays  in 
the  ratio  alfaady  maatlonad.  One  should  langlna  that  this 
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Fig.  I.  In  the  center  o(  the  sample,  as  well 
as  in  the  outer  pert,  triple  stars  originate 
at  single  points:  their  piolaagatlons  cross 
and  form  polygons 


process  works  In  nature  as  tha  fllma  ahow.  Ftom  a  none  of 
hlghasl  tanalon  a  ray  or  a  ersek  runs  through  tha  field  and 
splits  at  angtea  of  about  120'.  Then  both  rays  so  formed  run 
thiough  tha  tiald  and  aplit  with  tha  same  angle,  thus  giving 
rise  ID  aigsag  patterns,  haxagona.  and  pentagone—both  in 
harisOQlal  aa  wall  a  a  In  vertical  dtractlons.  This  mesh  of 
cracks  fitlad  wttb  loa  can  ba  seen  in  the  soil  layara  on  a 
large  or  small  acale. 

Middandcrf  Ifi  and  later  Bunga  C7]  oostprehanslvaly  de- 
scnbad  tha  stianga  mashes  of  lea  veins,  layara,  and  laiMas 
of  peimafiost  In  Slbmla.  Mlddendorf ,  digging  to  a  depth  of 
more  than  100  m,  alao  observed  that  the  thick  horlxontal  ice 
layers  (mora  than  1 .  S  m  thick)  ware  connected  by  broad  vetti- 
eaJ  valM.  Ha  also  daaenbad  ditchaa  fUlad  with  laud  in 
suaaasr  oo  O*  uppsr  ends  of  the  ioa«wadgaa  and  alavatad 
and  vaulted  border  sones  of  the  eoll  along  the  ditches,  thus 
emphasising  the  deeper  Interior  eeirtral  pert  of  tte  polygons. 
Here  mounds  were  often  developed  as  he  described  and  his 
descriptions  are  so  comprehensive  that  hardly  any  new  morpho- 
logical facts  have  been  stated  since  that  time.  Even  the 
problems  of  their  origin  [6  to  9]  were  not  solved  since  the 
thermal  contracuon  theory  wee  discussed  [10  to  181.  Taber 
[IB]  pointed  out  serious  objections .  not  exactly  refuted, 
which  wnri!  cor.iltmed  [2'.    Schonk  [  3J  explained  the  frost 
phenomena,  including  Icc-wcdges.  by  hydration  and  dehydra- 
tion of  sou  particles  ard  ice  crystal;'  t.".       basic  processes 
in  tTit!  !reezin<5  and  thawjrig  soils  cannot  te  lanorod  if  one  In- 
tends to  ufKlerstand  the  or.T.-.  cl  tr--.:  .structures.  These 
processes  also  control  the  inorphogenctic  features  coupled  with 
ica-wadgas, 

MORPHOGENETIC  DEVELOPMENT 

Features  that  enrich  the  flat  arctic  landscape  of  tjndra  poly» 
yons  .-ind  ice-wedges  are  known  [6  to  9i;  but  the  relation 
her/.  '  en  ice-wadgas.  bordering  woUa,  and  mounds  is  not  wall 

und._-ritood. 

Ve  have  to  differentlata  among  tear  stages  of  morphelcgioal 

deveiopnent  [19,: 

1.    f'ulygot.s  vi'.li  honzontal  surfaces  cut  t.he  upper  end  of 
ice-wedgos  so  that  one  cannot  recognize  them  in  the  (let 
tundra.  Oeeaalonally  ona  can  aaa  this  in  tha  bottom  of  lakos 
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that  are  drained  and  dried  out.   It  take»  ye«rs  until  subsoil 
ice-wedges  are  contoured  by  damf  t  r  /c^r.i  ;;  -.vuh  s  inijwhat 
greener  vegetation  among  the  nelghb(ir;r:j  surrcur.dLr^is. 

2.    The  damp  condition  of  these  zones    s  duf>       the  nu  ;'.- 
ing  ice-wedn^s  in  the  subsoil.    Oa-iil;  to  the  draimivj  c'.  ;h<s 
melt  Winter,  lUit  ditches  cevelop  :lr^.t;   ditches  .vHh  o^er'  %tfator 
and  m^a  aevcloij  idltsi-    Ihis  waluj  uut»j»tt,'S  th«  of  the 

edges  ol  the  polygons,  for  when  frost  penetrates  much  water  is 
transported  by  "frost  suction"  into  the  bordering  freezing  soil. 
Trost  penetration  is  held  up  by  this  procc'^s  until  all  the  water 
Is  consumed.    The  soil  len-petatuie  r.icasiurements  mrtrio  [20] 
urxier  natural  condiiio  .s  prove  this  excellently.   The  .'ero- 
level  curtain  lies  a  u-w  t  ennmeters  deep  for  son<-  .vocks  at 
the  beginning  of  the  frc  st  f  .irlod.    This  vep,   ..tk>.;;  mter^' >i  of 
temperature,  from  above  to  below  zt>ro  e.nd  le.f.tinq  a  lovg 
period  of  time,  is  one  main  factor  in  t.'v  io:n,.Htioii  ol  im-a 
structures  and  patterned  ground  In  goiiufai.   This  has  been 
proved  by  experiments  as  reported  in  .he  literature- 

The  slightly  vaulted  border  of  the  ice-wedge  somewhat 
increases  the  thickness  of  the  active  layer.   Its  moisture  con- 
tent, especially,  increases  from  year  to  year  because  of  th« 
draining  artd  erosion  ol  the  ditches  which  then  accumulate  mora 
water.   This  tn  turn  increases  the  vaulting  of  the  border  zonn 
■O  that  walls  up  to  a  height  of  some  decimeters  or  more  SUT* 
■Ound  the  polygons  along  the  ice-wodgas  which  can  nowhara 
be  se«a  in  the  mud  o(  tiie  ditches .  Hw  ditches  becooia  lavgar 
than  the  ico-wedgos  and  can  be  seen  avarywhere  when 
icc-wodges  are  cut  off  verticaUy  on  staap  bluffs. 

Elevation  of  the  bordara  of  th9  polysons.  thorafoNi  «BMiot 
be  explained  by  expansion  of  A*  feiMrly  coittnetad  Mil 
layart  but  linwly  hr  nonml  Ikeat  actleii  in  sell  evanatuntad 
by  watar  from  th*  dltdwc.  Thua.  ona  oan  undairaiand  Ifala  type 
of  low-eantar  ptiygen^ 

Any  one  foatura  ol  fuithar  development  of  the  ice-wedgea 
lhamaalvea  wlthla  theae  proceaaea  ma  not  obaenwd.  altliough 
liundrada  of  Ica-wadgaa  and  open  eiaeka  in  the  soil  ware 
lnweatl90tod. 

9.  In  the  low  cantari  of  lueh  pelyaona.  «wtar  and  oiud  wlft 
orgmle  natailal  ia  aeenmnlated.  Ibey  beooata  awampy.  In 
ooaaa^eanca  of  the  very  high  water  oonient  in  tba  low  oontar. 
boat  activity  la  now  ineraaaad.  Tliui  meunda  dmralop  to  moaa 
than  ana  matar<  Thalr  diamatari  an  alio  giowing  bom  yaar  to 
year  baeaoao  lha  auneundlns  iwampy  ring*  and  colna  bamraaa 
the  central  aiound  and  vaulted  botdar  along  the  ifm-wedgea 
supply  both  araaa.  Thus  the  falgh-eenter  polygon  la  dmreloiied. 

Although  many  oracka  an  often  obsaived  ail  over  the 
vaulted  Biound  by  the  giowlfig  of  Ice-lenaea  in  tlwlr  intertorr 
we  csan  again  raoognlae  nothing  which  might  fnstiat*  tba  gtoif- 
Ing  or  enlarging  of  existing  lca'wedgas> 

4.  By  prograsalva  development  of  mounds  itt  the  center  of 
the  polygons  and  In  thalr  vaulted  border  sones ,  a  multiple 
polsen-llke  mound  la  produced  through  the  improved  posaiblll- 


rig.  2.  Typical  suucture  of  the  ice  of  a  lens  in  the  interior 
Of  a  pals«n-Uk«  mound  in  the  bolder  aone  of  a  polygon 


ties  for  Wat.-' r  jsccumulation .    Sonetines  large  ice  lenses,  ice 
layers,  and  veins  are  formed  in  their  interior.    ThuM  the  ori^i* 
nal  poiV'^on  structure  is  covered  .=srid  i    h<irdly  retro^jr.lz-^^bie  . 
V/e  s.'ioulid  cl.».     j 'y  L.iich  n  fir.d  as  •3n  excessively  irryc- 
luiUitt-ii.  iro-v.edcjc  poiygon.    (A  very  instructive  field  of  this 
kind  was  seen  by  many  geologists  in  the  Arotic  Raasojeh 

Laboratory  at  Barrow) . 

In  consequenae  Of  the  formation  of  mout.-ds,  n.it-.y  oijer. 
cracr.s  c  ui  i-ind  rioss  t.hfir  tops  and  Slop*-;  or  surround  them 
lii.c  circU-'L:.    Th'-y  jtc  nnly  i-riitur-rs  of  the  upheaval  of  the 
activo  Iroct  Iay'?r.  .nov.-cvfji,  and  not  of  cracks  that  open  to 
incrcas,-  the  brcidt,"!  of  an  Ice-we.di^e. 

in  tiiase  proc-i-sses  of  upheaval  ar\d  viultir..?  tht»  active  frost 
layer  does  not  tv.coTie  de.-.p.;t.    It  ren.^ui-.  corL  .tantly  thick, 
but  Its  mo!:;tuie  <i rt  urnulatlon  in  summer  favors  growth  of  the 
ice-coie.    i-.j-,  ice-f  orc  rarely  consists  of  clear  ice  but  cf 
crumbs  which  .jre  corripl<?t°!y  envelop^'-)  by  trn  (Ti'} .  '.')  which 
evaporated  at  the  natural  Eu.""face,   The  w.ater  conter.t  of  ?;uch 

soils  is  from  SO  to  85%  of  the  weight  as  determined  from 
drilled  soil  samples  at  Bannw.  ISH. 

Collaoae  ainieturas  of  lee-Wedaes 

At  this  point  collapse  sttuctuns  shoitid  be  mentioned  becuuea 
of  the  importance  of  open  hollows  and  eradcs.  Along  the 
Uuffs  at  seas  and  rivers  in  Alaska  one  can  ooossionally 
observe  that  the  ice  in  the  wedges  has  melted  or  evaporated 
without  collapse  of  the  walls  of  the  polygons.  One  then  finds 
no  indication  that  an  aceuffiulatlon  of  snow  results  in  forming 
something  like  ice-wedges. 

rurthcrmOro.  erosion  along  ice-wedges  often  forms  palsan- 
like  small  arxl  large  hills.    Sometinjes  it  is  difficult  to  differ- 
entiate between  them  aryl  real  mounds-  They  are  relics  of 
polygons  themaalves. 

BltiBle  Open  Cracks 

nmlly,  we  have  to  consider  dngle  emeka  and  neta  of  cracks 
wiilcli  ortglaato  fay  draining  and  drying  of  the  active  layer. 
Ihls  pncess  !•  dehydnttont  not  Iv  lroil<  but  by  wind  and  sun 
causing  evapontloa  best  the  sell.  Oncfcs  may  also  eilglnata 
by  earth  movement  thiough  sliding  or  even  recant  lecionle 
stress  and  by  thatmal  contnctlon  in  winter.  I  obeervad  auoh 
emeka  in  I9S7.  In  19S9,  when  I  sew  them  again.  Oiey  were 
still  open  and  not  filled  with  lee.  I  have  never  observed  nets 
of  open  cracks  or  polygonal  systems  of  thin  ice  veins  that 
might  have  wtginated  In  veiy  recant  times  In  the  Inmior  Held 
of  large  polygoM;  nor  have  I  seen  diem  in  the  grass  tundra, 
in  reeently  difed  lake  bottoms,  or  in  aerial  ptoiogra^s— ^ 
although  I  looked  for  them  very  intensively. 

The  filling  out  of  open  cracks  with  water  may.  of  oourae. 
happen;  but  this  process,  observed  by  many  authors,  cannot 
be  the  general  oitgin  of  polygons  with  lee-w«dges. 

Obsenring  the  origin  of  open  cracks  at  low  temperatures  in 
winter  and  their  filling  out  with  water  in  spring ,  Bunge  [7,6] 
and  Leffingwell  (9]  developed  the  theory  of  theimel  contraction 
for  the  origin  of  ice-wedges.  This  theory  was  oonflnned  by 
many  authors,  even  mathematically  C It].  Indeed,  thermal 
contraction  may  work  and  must  work:  but  if  It  causes  polygonal 
nets  with  lca-«redges  to  develop,  then  ice-wedges  would  also 
develop  in  homogeneous  frozen  ground,  as  in  sand  attd  gravel 
layers  which  have  been  completely  filled  with  ground  water. 
But  here  they  are  lacking.  There,  where  we  see  single  cracks 
filled  with  ice,  they  may  originate  in  a  manner  we  do  not 
recognize.   There  are  some  other  serious  objections.  Other 
processes  arc  predominant  In  the  freezing  soil  before  thermal 
contraction  begins  to  have  ofloct.  To  learn  tiie  development 
of  Ice-wedges,  one  should  flrat  iasctibe  th* essential  faatuns 
of  the  ice- wedge  Itself. 

Vertlf-.-il  Structures  in  Ice- W.-lgcg 

Sevrtrij  df 'wrlpjion*  Ol  icc- wudges  l  7  ,  8,  9,  ll]  ar*' cr>inpf«- 
he:.;;c.'i:  iiid  Ciii  v^uil.  One  Striking  feature,  however,  does 
not  seem  to  have  been  emphasUed  enough;  the  difference  be- 
twaen  Hi*  lee  of  the  deep  reaching  lea-wedge  itself  and  the 
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ice  of  its  upper  zone.   The  thickness  of  the  Ice- wedges  has 
apparently  also  been  overestimated  in  both  Alaska  and  Siberia. 

My  own  observations  confirm  Popov's  work  [22]  that  the 
vorv  long  walls  o(  ice  along  the  seashore  and  other  bluffs  arc 
nothing  but  free  walls  of  thin  ice-wedges-    Their  thickness  Is 
seldom  more  than  a  meter.    Often  they  are  bent  and  only  partly 
exposed:  they  appear  to  be  ice- lenses.  Transversal  cuttings 
along  a  slop«  likewise  deceive  by  false  thickness-   The  frozen 
water  of  broad  channels  on  the  top  of  the  ice-wedge  blonds 
with  the  ice-wedge  underneath  and  appears  as  enlarged  upper 
ends,  particularly  when  they  are  covered  by  mud.  These 
features  should  be  carefully  observed  and  described  because 
such  studies  are  lacking  in  the  literature.   In  each  case  one 
must  examine  how  and  when  the  ice  orlgnlated  and  what  struc- 
ture It  has.    Some  Ice-wodgos  originate  today,  but  most  are 
very  old  ones  without  any  indication  of  present  enlargement- 

The  ice  of  the  uppermost  end  of  the  wedges  Is  often  dark  or 
brownish:  soil  particles  are  enclosed  and  air  bubbles  are  ir- 
regularly distributed-   Clear  ice  of  the  veins  and  wedges  is 
much  different  from  Ice  belonging  to  the  ditches.    The  ice  of 
the  wedges  always  has  a  special  regular  pattern:    Rows  of  air 
bubbles  alternate  with  rows  of  soil  particles.    Both  rows  are 
arranged  in  vertical  directions,  parallel  to  the  soil  wall  of  the 
neighboring  polygons,  i.e.  ,  the  walls  of  the  crack.  Weather- 
ing produces  slightly  ribbed  surfaces  by  the  very  small 
cavities  in  which  air  was  enclosed.    The  air  content  of  the  ice 
Is  very  high,  SO  to  180  cu  cm  per  liter  by  measurement  and 
chemical  analyses  [6,  23,  24].    It  Is  so  high  that  Its  ongin 
from  snow  and  foaming  water  which  rushed  into  the  cracks  was 
discussed.    Black  [14],  who  studied  the  fabrics  of  ice, 
supports  the  idea  that  melt  water  filled  open  cracks  to  form 
Ice- wedges.  He  also  montlonod  hoar  tee  [2S],  fed  by  the 
water  content  of  the  air  due  to  vapor  pressure,  which  should 
close  the  crack. 

We  shall  see  that  all  this  cannot  explain  structures  of  ice- 
wedges  because  even  the  structure  Itself  contests  such  an 
explar^tion.    Rows  of  air  bubbles  and  soil  particles  tracing  the 
contours  of  the  walls  can  never  develop  In  such  an  extremely 
regular  way  by  an  accumulation  of  snow  or  water  or  by  hoar  ice. 

TRANSVERSAL  STRUCTURES  OF  ICE- WEDGES 

The  filling  up  of  open  cracks  with  melt  water  as  well  as  by 
hoar  Ice  Is  disputed  by  the  following  points:    (a)  Transversal 
structure  of  the  ice-wedge,  (b)  splitting  of  sections  away  from 
the  walls,  (c)  mineral  content  of  the  ice  corresponding  to  the 
layering  of  the  walls,  and  (d)  chemical  constitution  of  the  ice 
water. 

The  photograph  (Fig.  3)  taken  In  19S9  at  the  bluff  near 
Barrow  shows  a  dark  shadow  going  upward  from  loft  to  right- 
It  Is  caused  by  frozen  black  soil  particles  which  were  trans- 
ported with  the  development  and  growth  of  the  ice- wedge. 
They  wore  derived  from  neighboring  layers  of  silt  with  coal 


Fig.  3-   Transversal  structure  of  an  ice-wedge  (dark  shadow) 


particles  and  were  deformed  by  frost  pressure  during  the  de- 
velopment of  the  ice-wedge.    Several  of  such  transversal 
shadows,  one  above  the  other,  are  often  recognized. 

The  investigation  of  the  soil  particles  and  mineral  composi- 
tion of  such  shadow  zones  characterized  by  clay,  silt,  sand, 
coal,  peat,  etc.,  prove  thoir  connection  with  the  corresponding 
layers  on  both  sides  of  the  ice-wedge.    The  soil  particles  and 
air  bubbles  were  taken  from  the  layers  and  brought  S  to  IS  mm 
from  the  walls  during  the  freezing  processes  and  annual  repe- 
tition of  this  process  may  lead  to  the  row  formation-  Exactly 
along  the  boundary  of  ice  and  layers  one  observes  air  bubbles, 
mainly  elongated,  forming  the  first  vertical  row  of  the  pattern. 
The  next  row  consists  of  soil  particles,  then  air  bubbles  again, 
etc.   Ice  crystals  only  slightly  elongated  arc  also  recognizable 
perpendicular  to  the  walls.   These  show  their  original  position, 
while  most  of  the  rest  are  moved  and  rotated  by  secondary 
pressure. 

Occasionally,  slices  and  small  sections  are  split  away  or 
completely  cut  off  from  the  walls  and  held  by  the  ice  at  some 
distance.   Water  appears  to  have  been  squeezed  out  of  the 
layers  of  the  fissure  walls,  taking  with  it  soil  particles  and 
slices  of  the  layers.   Air  was  enclosed  In  the  ice  as  It  froze: 
the  squeezed-out  water,  therefore,  must  have  frozen  as  it  left 
the  pores  of  the  soil  layers-   The  air  must  have  been  derived 
frem  the  soil,  for  it  is  also  found  in  the  small  veins  and  cavi- 
ties which  for  a  certainty  had  connection  with  the  exterior. 
Ice  of  this  kind  in  vertical  veins  as  well  as  in  horizontal  lc« 
layers  is  completely  enclosed  by  soil  layers. 

One  concludes  that  water  in  the  form  of  Ice-wodges  arid 
layers  can  r^ver  be  water  which  previously  rushed  into  and 
filled  an  open  crack.   Where  this  is  the  case,  all  soil  parti- 
cles would  have  been  mixed  and  many  air  bubbles  would  have 
been  absorbed  by  soil  particles.   They  would  not  be  so  clearly 
separated  from  particles  and  arranged  in  such  rigid  order. 

Further  argument  results  from  consideration  of  the  water 
structure  itself.   One  can  recognize,  without  chemical  analy- 
sis, clear  Ico  and  slightly  brownish-colored  ice.   On  thawir>g, 
these  types  of  ice  give  clear  and  red- brownish  water,  colored 
by  iron  oxides  and  humus  acids.   It  is  not  difficult  to  deter- 
mine that  this  colored  water  comes  from  peat  layers,  especially 
from  the  mud  of  the  upper  layers. 

Iron  hydroxide  is  often  enriched  in  the  form  of  a  band  some 
centimeters  broad  in  soil  layers  parallel  to  and  a  short  dis- 
tance from  the  boundary  between  wall  and  ice-wcdgc.  This 
means  that  concentration  of  the  solution  lr>creased  with  the 
freezing  process  of  the  water  when  It  was  to  be  pulled  out  of 
the  soil  to  form  the  ice-wedge.   Solutions,  on  freezing  above 
the  outoctlc  point,  are  known  to  produce  pure  water  and  salts. 

These  observations  show  that  Ice-wodges  originate  and 
grow  like  a  vein.   They  do  not  originate  in  the  deposition  of 
crystals  of  ice  on  the  surfaces  of  an  open  crack,  but  by  growth 
of  needle- like  crystals  of  Ice  leaving  the  pores  of  fissure 
walls. 

Hoar  Ice 

To  understand  the  mechanism  of  Ice-wedge  development,  two 
kinds  of  hoar  ice  should  be  considered:    One  Is  denved  from 
the  moisture  content  of  the  air:  the  other,  from  the  water 
content  of  solid  porous  materials. 

The  (Irst,  for  example,  forms  the  white  frost  on  trees  and 
grass  when  they  suffer  a  period  of  frost  and  their  cold  sur- 
faces contact  warm  air  with  relatively  high  water  content.  A 
condensation  process  then  takes  place.  A  very  small  ice 
crystal  is  formed  as  the  basis  for  futher  crystal  growing. 

The  origin  of  thin  ice  skins  is  due  to  the  same  freezing 
effect  under  similar  weather  conditions  on  surfaces  with  tem- 
peratures below  zero— for  example,  on  roads  and  windows.  In 
the  same  way  one  can  observe  the  origin  of  thin  ice  sheets, 
and  no  possibility  is  seen  for  the  development  of  air  bubbles 
within  the  ice- 
Processes  like  these  seem  possible  on  the  surface  walls  of 
open  cracks.    However,  In  this  way,  the  surfaces  are  covered 
over  with  an  ice  crust  and  It  Is  impossible  for  soil  particles 
of  the  covered  layers  to  penetrate  the  ice  to  form  ordered  rows. 
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alternating  with  trnvs  o;  .i:r  bubbles.    Thi'j  piocott,  thtnlm, 
CdR  rvot  account  foi  th*-'  finyir.  of  icc-wccgos - 

The  other  lorTi  of  hojr  ico  nor.Uor.cd  produces  lomj,  thin 
needles  growina  perpendicularly  tc  the  surlnces  of  porous 
iriatenalf, ,  f.jch  ht,  soli  and  rotti-d  wool:.    In  this  caNS  the 
nt^odlrr?;  rlSt;  up  fiOTn  the  in.atrri.isl .    On.  ,j  glorir'i  in  .Spitsberv^n 
I  Wdi;  oljle  tf)  observe  and  phntoyrjp'h  their  r;eveU:ipTn*5nt  On 
cryoconito  particles  which  were  suspended  in  the  melt  water 
In  holes  of  the  glacier  surface.    When  the  water  in  the  small 
hollows  froze  and  as  the  particles  reached  the  surface  level , 
Ice  needles  grew  m  a  faw  minutes.  At  tho  same  time  the 
particles  reached  the  surfaca,  th«  neadles  developed  from  the 
water  content  of  the  small  t>allE  arid  particles  themselves. 
The  needle  crystals  grew  between  the  glacier  Ice  and  the  con- 
tact point  With  the  ball  while  the  surface  of  the  latter  quickly 
bote.  Than  it.  tharafora,  no  doubt  that  tba  watar  for  tho 
fermtion  o(  tiioso  eryatala  cam  out  ot  ibo  Intortor  through 
OM  or  Mwoml  poroa. 

This  kind  of  hoar  loo  plpkmk*  (kofflBwlrf  ooeura  In  voat 
anna  whl^  hava  ookt  oUnatas.  la  Icwland  I  eouM  ebaanre 
thla  gmtrtng  out  of  irary  poroua  tuff  wllb  Ugh  watar  eontont  at 
tha  baglimlng  of  •  fhtat  pariod.  The  lee  needlea  ware  ao 
daniely  giewn  that  they  heaved  up  a  thin  boMn  aurfaee  layer 
of  Mil  mom  than  10  to  20  en  in  height.  With  intamiptlon  of 
tho  CiaaiUiag  piooaaa.  tha  growing  of  tho  loa  naodloa  alao 
aloppad.  It  faagan  again  when  the  tenpefeturo  wee  Unrared; 
then  a  new  aheet  of  the  fiosen  auitBee  of  tho  lotl  wae  heaved 
up,  thua  Indicating  (ha  parloda  of  fteat  offaet. 

Gfowtii  of  lea  naadlaa  oan  be  rapnduead  la  an  leabox  by 
BMlntalning  boat  tanpaniuna  «  Utda  helew  aaio. 

Open  cncks,  having  lee  needles  of  the  ahove  type,  can 
occasionally  be  found  when  digging  In  permafrost.  They  prove 
thai  tha  ice  is  growing  out  of  porous  soil.  Naadlas  formed  by 
eondonaatlon  of  the  water  content  of  ait  occur  to  a  nagliglble 
degree.  Therefore,  vapor  preaaura  and  moisture  content  of  tha 
air  are  not  necessarily  important  to  tha  formation  of  permafrost 
and  Ice-wedges,  although  it  will  favor  the  water  movement  In 
the  freezing  soil.    Most  important,  however,  is  tho  fact  that 
the  ice  crystals  grow  by  water  movement  through  tho  pores  of 
tho  soil  in  a  direction  perpendicular  to  the  cooling  surface  of 
the  fissure.    This  process  explains  the  rows  of  soli  particles 
and  the  arrange.-nent  of  air  bubUoa  Oncloeed  between  tOO 
crystals  and  soil  panicles. 

Development  ot  Ice  Veins  and  Wedges 

Hoar  Ice  appears  to  differ  a  great  deal  from  the  ooropact  ice  of 
ice-wedges  which  is  composed  of  thick  and  ooarsa  grain  lea 
crystals.  The  significant  difference  is  tha  formation  process 
Of  tho  ICC-   We  have  to  imagine  that  fissures  which  were  UUed 
With  ice  originate  In  a  very  early  stage  Of  the  development  Of 
permafrost.   To  begin  with  they  have  only  a  width  of  some 
millimeters.  They  enlarge  with  froet  penetration  which  is  ooa> 
nected  with  Increased  drying  due  to  mtar  novasMnt  to  tha 
frost  front  at  tha  aurfbca  as  %»ell  as  on  tita  vartleal  walla  of 
tho  flasuia. 

Tto  flaaims  CUl  immediately  with  feoealng  water  which 
comes  out  of  the  pores  under  the  pressure  of  tba  freezing  soil 
(developed  by  increasing  water  voluau)  and  due  to  the  action 
of  hydrauon  toioea  (dipolalof  tha  first  lea  oiyatals.  Tba  water 
emerges  mpldiy.  as  one  can  obaaivo  torn  eacpeiinente  In  an 
Icebox.  Aa  a  raault  of  praesuie  In  the  Interior  of  the  6«ealng 
soil  layera,  the  water  la  superoooled.  Aa  soon  as  It  leaohea 
the  aurfaee  of  (he  eoU  at  tha  openings  ot  pores  and  antaia  tha 
open  Oaatm.  where  ttie  psaaaura  la  dlalnlriiad.  It  Itoaaoa, 
fwnlng  naadlaa.  Their  elongation  is  proirewled  by  naadlas 
(roa  tba  eppoaua  wall!  but  the  water  nttvement  caused  by 
frost  pnaaura  and  auction  oontinuas.  Thus  new  water 
suROunda  a  priamy  needle  and  grows  together  with  It. 

Giow(h  of  thick  lee  eiyatala  la  fhvorsd  by  the  pressure  in  tba 
filled  dasufo.  Beoauea  of  Iba  effect  of  this  pressure,  one  eon 
never  obtain  ifaa  eaiw  naatta  far  fabric  studies  [14].  The 
pleasure  In  the  tteawa  and  (reexlng  soil  is  clearly  ladleated 
by  defamation  of  tba  nalgbbodng  eoll  layers.  Ihese  are 
aometSmos  elovated.  dapraaaed.  duekened,  or  stretched 

(ng.  at. 


One  .always  (7b5er,'es  these  tortuous  layers  in  cont-act  with 
horizontal  and  winding  ice  layers  and  lenses  and  these  should 
k>e  recorded  as  general  features  of  cryoturbalior.  or.  a  small 
nt\i  larqf:  «:ra!f .    Ire-wedges  are  an  e.ssentiai  part  of  thft-n? 
.(•.•/eru  ;r-  ihi'  Ari-tir-    Experiments  show  that  water  novi-nent 
begins  as  soon  as  frost  touches  the  soil  surface.   Owing  to 
decrease  in  volume  by  water  loss  underneath  the  freezing  aoae. 
vertical  fissures  developed,  than  tilled  with  the  water 
squeezed  out  under  piesauio  and  frost  auction.  It  fitaena  on 
entering  tha  fissure. 

The  second  stage  Is  the  developstent.  at  the  host  front,  of 
hoitaontal  lee  layers  and  ice- lenses.  They  become  thicker, 
the  store  water  the  soil  layer  cenlalna  and  (he  men  slowly  the 
frost  penetrates  the  soil. 

During  e  third  stage,  the  vertical  Ice  fissures  already 
formed  are  connected  by  the  horiaontal  lee  layers.  Thus  the 
network  of  heteiogeneous  frost  soiland  pamafrost  isdeveloped 
In  clay,  silt,  and  similar  soils— in  ccntrast  to  the  homogeno' 
oua  froat  in  aaad ,  gravel ,  etc .  These  facta  an  known  ton 
■mny  investigators  C 10,  II,  26,  27,  2$]. 


Hydration  Rroceesee  and  Initiation  of  tee-Wedaoa 

To  under.-itar.d  these  features  and  processes  in  freezing  soils, 
and  .-tjso  till-  lifvi-lopn-.en:  o(  p-.-iinaUost  with  ice-wedges,  it  is 
nece-i;;.3ry  to  rep'-d!  n-oteri.:il  Imin  the  author's  former  c>apers[2, 
3]  .    Since  that  time  n-.any  experiments  by  others  have  con- 
firmed the  theory  of  hydration  processes  in  freezing  soil, 
although  the  results  v/ere  not  interpreted  accordirjj  to  these 
basic  proces.M-'; . 

During  hyilratiori  the  atlsorptive  and  oinotic  water  of  tho 
soil  particles  is  pulled  t0W9i'i  the  ice  crystals  by  attraction 
forces,  according  to  Coulon-.b  and  Van  der  Waal.    This  de- 
hydrates soil  panic, es.    The  v/ater  is  used  to  build  up  the 
crystals,  the  dtpole  oi  which  is  more  than  40  Urae.?  stronger 
than  that  of  liquid  water. 

By  this  TTiovcmcnt  of  wa!f«r  to  th»"  frost  front,  tho  doopor 
lying  layers  of  soil  are  dried  O'jt-    In  this  way  dehydration 
causes  contraction  of  the  eoiI-    Vertical  fissures  must  then 
oriyliKr-te  and  fill  with  '.vatfr  from  thi;  .■ioll  layer.i  in  the  form 
ol  hoar  ice  like  crystals,  (this  being  fundamental  to  the  be- 
havior of  water  in  soils) ,  and  not  with  water  from  precipita- 
tion or  melt  water.   The  cryoturbatlon  is  more  intensive,  the 
finer  the  soil  particles  the  higher  the  water  content,  and  the 
longer  fror.t  tonperatures  affect  the  soil  [2.  26].  Contraction 
by  dehydration  of  the  soil  through  frost  action  is  effected, 
therefore,  long  before  and  Is  almost  completed  when  thermal 
contraction  seta  in. 

It  Is  also  proved  by  the  zero  curtain  In  the  freezing  soil 
[20].  Theoretical  thermal  contraction  takes  place  when  the 
enlarganent  of  volume,  according  to  the  metamorphosis  of 
water  into  ice,  is  completed.    But  this  transformation  takes 
SMre  tlSM  than  the  sinking  down  of  the  zaro  degree  level  of 
temperature.  This  means  that  even  a  frozen  soli  suffers  an 
expansion  tension.  Thennai  contraction,  therefore,  takes 
place  only  at  a  later  stage.  This  happens  where  permafrost 
already  exists,  although  we  saw  that  the  development  of  ice- 
wadgea  took  place  together  with  that  of  permafrost.  Hence, 
pemafnst,  lea  valna,  lea-wadgoa,  and  tundra  polygons  era 
relatad  fay  their  devetopawnt  prooass,  Ihay  an  the  nsult  of 
deep  reaching  and  slow  best  penetration  InM  thick  wet  sella 
of  tha  Aretlo— ciyoturbation  In  tho  moat  Intensive  form. 

A  last  point  on  tha  origin  of  iee^wodgoa  la  that  many  hava 
observed  In  permalkost  tha  fomatlon  ot  single  open  eiaeka 
together  with  loud  reports.  The  develepnwnt  of  a  syatan  of 
encks  similar  to  Hie  mesh  of  Ice-wedges  hab  never  been 
reported— although  we  have  hundrade  of  ebaaivara  In  North 
Amariea.  Europe,  and  Asia  living  in  permattost  areas  and 
although  theaa  Investlgatlona  have  been  proceeding  for  more 
(ban  120  yoara.  We  Inva,  (harafBra,  no  reason  to  look  Ibr  an 
enplanadOM  of  lea-wedge  ayatems  and  tundra  polygoos  by 
thennai  ooiiii action. 

NewwdMleaa,  after  dtfuydiation  of  the  freezing  soil  and 
develoiment  of  permafrost,  ttmrnal  contra otlon  may  produce 
tfaamal  coametlon  emdu  aa  deaertbed  [  1$]. 

85 


Copyrighted  matsrial 


DISCUSSKM 

JERKY  BROWN,  U.S.  Army  CRREL.  Uouovcr .  N.  H.-The  papor 
under  discussion  essentially  states  that  ico- wc-dg-as  are  tJie 
rcsiilt  n(  Tioisture  se^i-j.^ation  iururj  df '.•l■lo^J■^,l•rl^  ol  pcrma- 
fro5,t,  and  whic.'i  lo>  some  reason  resulted  in  the  predominance 
of  vertically  distributed  Ice  masses.    It  is  impossible  in  this 
bflel  discussion  to  refute  all  the  apjunents  advanced.  Toward 
this  end,  the  interested  f.:jd.;r  is  re:>?rTed  particularly  to  the 
cor.icrcnce  paper  by  Uic.h-'nfcruch  and  ,^  recent  papi.-r  by  Black 
(Anr.ales  di-  GfogrrtpJu'- .  156j.  pp.  2S7-271).    These  two  in- 
v>>.';t  j3a:or:,  provide  th(^  th>;ory ,  data,  artd  detailed  ObaeivaUons 
r>-i{uiri'd  for  at  least  the  partial  substantiation  Of  tlw 
contraction  theory  of  ice-wedge  polygons. 

The  following  point*  a(«  InOOMUttM  With  ths  VMWS 
advanced  by  Schenit: 

1 .  Ice-wedges  do  form  In  relatively  dry  gravel  In  panis~ 
fnxt  (Pewe)  ,  and  are  iwt  restricted  to  wet  soils. 

2.  The  vast  majority  of  high- centered  polygons  are  pwMni 
a*  m  result  of  dilterenusl  thaw  along  dnlnaga  gradtantt 
(Brltlari .  and  not  as  •  Ttsult  of  the  grewth  ol  pala«n-llk« 
movnids. 

3'  Oontaiy  to  the  author's  statement,  surface  cracks  bavo 
been  ropottad  to  eonfarai  with  the  mesh  o|  tb«  uodarlytng 
wedges  (Black) . 

In  tha  PMM  Banow  avaa.  much  of  tha  naar'suifaea  panu« 
frott.  both  balwaan  and  iminadlataly  adjacant  to  Ica-wadgaB. 
la  iUpanatiitBtad.  In  aoma  aiaaa  of  high- cantered  pelygena 
pathapa  SOK  ol  HUa  gsoand  la  ooeipoaad  of  ■oaatve,  yecttoally 
fDUatad  lee.  If  all  Dw  water  praaantly  found  In  tha  lee- 
wadgaa  oitginatad  m  tha  unltocan  aadlnant,  tha  original 
molatura  contant  would  hava  baan  gtaatly  in  axeaaa  of  known 
aaturatlon  values.  If  molatura  sUgntion  occuired,  tha  princi- 
pal dltaetlen  of  Icse  iaUatlon  should  ha  horlsoatal.  poiallal  to 
tha  cooling  fnrot.  TMs  la  not  tha  cssa.  Ibr  thasa  rsaaons 
alona,  it  aaams  llkaly  that  much  of  tha  iea-'wadga  watar  was 
dartvad  ovar  a  partod  ol  yoar a  lion  an  axtamal  sourea  altar  the 
ground  was  initially  hosan. 

In  Brawn's  paper,  it  was  euggaslad  that  sosia  lateral  addl- 
tlona  of  sedliaewt  at  depth  aw  awda  to  tha  growing  tca*wadga. 
TMs  was  baaad  upon  tha  oiaagar  ioasll  raeord  and  tha  Ineraaaa 
downward  of  ions  in  lha  lea  found  in  only  ona  wadga.  Sehank^ 
thaory  damands  a  many- fold  Increase  In  this  pracess  of  lateral 
incorporation  of  sediment  as  the  ice-wedge  grows.  The  mag- 
nitude of  this  implied  process  canrvot  be  deduced  from  the 
chemical  composition  of  the  ice-wedges.  Again,  it  should  be 
reiterated  that  the  ionic  compositions  In  the  Ice-wedge  ice, 
even  at  maximun  depths,  seldom  exceed  that  found  in  surface 
ponds  and  lakes.   If  substantial  water  and  sediment  were  ex- 
tracted from  these  marine  deposit.s  to  form  the  lce-wf»iigt»s , 
the  conductivity  of  the  ice  would  be  many  (old  gnrator  than 
observed. 

Based  upon  th'.'  above,  the  most  realistic  explanation  fo: 
the  growth  of  ice-wedges  ir.  rortherr,  Alaska  Is  that  most  of 
the  water  in  ice-wedges  was.  and  is  presently  being  derived 
a  rea  I  ly ,  from  ralotlvaly  pura  saasenal  malt  watar  or  watar 

viipor. 

Closure—  I  ■   Accordimj  to  interniil;or.al  classification  ol  soils 
of  the  arctic  region  (arkt.  NassboderJ  form  a  pedologlcnl  group 
of  arctic  .toils,  the  characK-r  o(  which  is  drvolopi-d  by  moisture 
content  (see,  for  example,  papers  of  Tedrow ,  Kubien.n  , 
Muckenhausen ,  and  the  Atlas  for  Aqricultyre  of  the  USSR), 
"Relatively  dry"  is  no  definition.    Froi:';  .I'.ructure f.  are  de- 
veloped In  dry  soils  nelt.h."?  in  ii.iturr  r.or  i:,  i-.<perirr.i-nt.';. 
Moisture  i:-  the  roir;iiinti  sine  j^u  i  non  for  rhe  onym  of  frost 
striictisre?  we  observe  ever-ywhcfe  ir  the  wrjrid  (sec  Schenk  , 
tSbS)  .    0!her  possibilities  lor  the  nc^iirri-rirc  of  icc-wedge- 
liko  loims  such  as  the  occasional  occurrer-ce  of  ice  in  cracks 
developed  by  slidinr]  .  i.'.'^ipo.-fition ,  drying,  thermal  contrac- 
tion, tectonic  mrs'.'iTi^er.i    ,  ••Ur.  ,  do  not  irr^:.i:err,  '.he  dlsCusMon 
of  tce-werlge  p-:dy;j:j-(5  of  the  tjndr.j  .jrej. 

Powe,  and  also  Black  (in  the  discussion)  mentioned  ice- 
wcdges  m  gravel,  but  they  described  neither  their  content  of 
r'.sy  minetals  nor  their  thickness;  nor  did  they  demonstrate 
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that  ice-wedges  were  not  caused  by  dehydration  of  the  soil. 
Iritorb.>dded  thin  sand  and  gravel  layers  omi  gravel  beds  over- 
layir^^j  thli  t  beds  ol  clay  or  peat  •■tc-  ,  are.  ol  course,  dis- 
•iecti'd  iiy  the  lce-w<i<lges .  but  they  end  as  soon  as  they  reach 
thick  gravel  tieds.  Neither  the  ver/  thick  perennially  frozen 
gravel  beds  of  the  gold  rnines  or  Alaska,  rvor  the  refrigerated 
':jravel  ma.i.ie5  wasf;.-..!  out,  noi  tfi*.  grnve]  iM.'d:;  in  permairost 
area.s  ol  Plei  ntot  -ihow  any  ;'cr>  gona  I  ire-we  Igt!  structures. 

2.  The  high-i  .-iilered  polygons  de.scr: bed  liy  Brittor.  are  well 
known  to  me,  and  1  described  then  in  '. 'J'i?.    They  do  no!  (-<-n- 
cem  the  type  of  high-centered  polygons  c!  B^-nge  and 
Leffin-^weU ,  b'jt  they  a»'^  the  insult  ot  the  ix>ll.ip'ie  ol  polygons 
(of  a  di:;eri»nt  kimil  by  erosion  along  the  ir-e- wi- |.ge u  -  They 

do  not  form  the  vast  matority  (except  at  Barrow,  Alaska)  but 
are  restricted  to  tha  naighliorhood  Of  lake  sbona.  eiBaks. 
rivers,  etc. 

3.  Cracks— In  19S7  P^w<  and  Brewer  showed  B>a  the  dSCka 
which  Black  had  observed  and  where  he  had  mad«  meastva* 
ments  with  iron  stakes,  t  saw  them  again  in  t9S9.  Theaa 
cracks,  indeed,  often  conform  With  the  mesh  of  underlying 
wedges.  All  these  cracks  ware  not  thennal  contraction  ciaeka> 
but  developed  by  frost  hesvlng  caused  by  the  dehydration 
ptocessas  in  tha  acuva  frost  layer  with  the  lormauon  of 
aacondary  tee  veins  and  lenses  in  the  border  zor>o  and  interior 
of  mounds. 

4.  Supersaturation— It  Is  a  fundamental  fault  to  conclude 
that  It  cannot  be  because  it  is  not  allowed  to  ba  and  to  tgnora 
the  natural  law  of  dipola  forces  and  crystal  fonaatton^and 
aven  tha  ptlaltlvo  obaatvatlon  of  sUppary  and  alumyy  ground 
when  frocsn  aoil  la  thawlngi  Molatura  nigntlon  not  only 
occurs,  but  f  a  ilM  swat  Impntant  pneaaa  for  tha  davatopmani 
of  loa  in  layora  and  valns.  Thla  la  atatad  by  auabarlaas 
laaaatiranwnta.  I  ahowad  tha  giovla  which  daannatntad  how 
this  mlgratuig  watar  fUlod  out  tha  eraeka  farsMd  by  dahydn- 
Uoe  of  soil  through  the  dipolo  forces  of  lea  crystals.  Watar 
In  tha  Aocon  ground  datlwod  partly  from  sell  parttclas  and 
partly  firom  a  water  raaaivolr.  (in  daap- lying  bada  of  sand 
and  graved . 

Tha  prasatit  molatura  oomant  of  pamafteat,  thanafera, 
navar  rapnsonta  the  orfglnal  molatun  coataat  of  sadlnents. 
Tha  occasional  enoimoos  ttuduieaa  of  tca-wadgas,  which 
Black  also  mentioned.  Is  no  argument  against  dehydration  but 
proof  of  this  origin  because  the  vertical  foliation  corresponds 
to  the  vertical  cooling  front  along  the  wall  ol  the  (Issino. 
Moreover,  laccoliths  In  the  Interior  of  pingos  between  beds 
of  clay  material  are  much  thicker. 

5.  Incorporation  of  sediment— Lateral  incorporation  ol 
particles  and  sections  of  sediment  when  the  Ice-wetige  IS 
growing  is  t»t  a  theory  but  a  general  (act  resulting  from 
countless  observotir.ns .    Th.?y  wi.[  t-^  contirned  by  observers 
who  'did  not  recog'uze  this  to  date  iind  wilj  lo.:>k  for  St  now 
when  ob-or,'ir  J  inols  ol  t.fl,  peat,  f.and.  coal,  etc.  ,  at 
.'airUinki:,  B.ir:0',v.  Aklavi>..  T a.iktayalok ,  Kuiikokwii.T,  Cool 

Riv-jr,  Kotzet       Norr.-.  etc.  The  particles  of  the  neighboring 
layers  of  an  icc-wcdge  cross  the  ice-wedge  In  a  coirespond- 
ing  zorve,  as  I  showed  In  ona  plctura  of  the  papar  presented 

hero . 

6 .  Chemical  compositlori  of  ii,  .-- wedges— Ground  watSS  In 

arctic  areas  is  generally  a  ".ol.jiicin  with  low  ion  content. 
When  freezing,  this  sol  iii^n  in  haves  oS  a  eutectlcum. 
Therefore,  no  "mixe  I"  rryslols  (Mischkrlstallc)  can  develop. 
In  consequence,  the  ice  crystals  in  an  ice- '.vedge  must  be  pjre 
water.    The  lona  wure  puihed  out  and  conc-jntratod  in  the  rest 
solution  until  their  concentration  waii  high  enough  to  form 
crystals.    Meanwhile,  the  freezing  point  of  the  rioiution,  us 
vapor  pressure,  etc.  ,  changes  correspondingly. 

The  result  of  these  processes  is  sometimes  the  reddish 
brown  border  of  ice-wed^es  a.-^id  n.  e  Inyers  for.Ti-'d  by  Iron 
minerals.    Some  salt  crystal';  rTL.iv  al  .o  b.-  poorly  enr-lo.«ied 
lx>tween  ice  crystals  undi;r  i-.  rt.ii:i  i-i)i,.;itions  .    Furt-hetinore , 
wo  cannot  expect  that  the  usual  chcrr.ical  .^n.jlysis  wlI  reveal 
new  aspects  of  ice-wedges  and  ice  formation.  Misleading 
ideas  can  result  if  one  does  not  consider  this  behavior  of 
freezing  water.   Arvother  thing  is  to  investigate  the  water 
nolacula  Itself  or  other  ones.  Demonstrating  the  general 
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exlstance  of  tritium  and  other  radioactive  fallout  since  I9S4 
In  the  Ice  of  Ice-wedges  would  prove  tha*  pn-clpitrttlon  rushed 
Into  open  cracks  of  wedges.   This  would  be  a  simple  and 
brIlliAnt  wriy  to  mukc.  ny  thoory  worthlCMa    I  AB  atin  that 

nearly  all  icc  of  wodges  is  very  old. 

I  mentioned  a  difference  in  the  chemical  character  of  Ice- 
wedge  water.  I  observed  It  where  icff-v/ecgcE  cros.'sed  thick 
p-eat  layers.  The  water  of  thl.s  ice  was  light  brownish  (while 
other  ice  watei  war  cle^r)  caused  by  ericlosed  organic  parti- 
cloK  or  by  h  jrr.n  .^r  i  i  iron.  Samplos  Of  these  wais  amlysad 
by  U.S.  G&ologicai  Survey  In  Palmer.  Alaska. 

7.    Insisting  that  ice-wedi^e  water  come.s  frotr.  .T.elt  water, 
precipitation,  etc.  ,  according  to  that  simple  i-xplanrttlon  ot 
100  years  a-go  means  ignoring  modern,  phy-'.icochi^n'.leal  rc.'".jlts. 
Applyirvg  mathematical  methods  cannot  prove  thermal  contrac- 
tion.   To  test  th.j  •.h-iory,  one  must  assume  that  migration  and 
dehydration  take  place  first  and  produce  features  which  belong 
to  ilw  tm  gwlogleal  suppoiittens  for  wtlwwtloBl  traBtawnt 
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DISTKIBUTION  AND  AGE  OF  PIN60S  OF  INTERIOR  ALASKA 
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This  paper  !■  latMidMl  to  hm  u  a  teals  tor  futm  datalled 
norpholOQlcal,  qryola«laal,  faatmlcisl,  nlcracUiiiataldglasl. 
and  therawl  Investtgattons.  It  Is  tosed  chiefly  on  studies  In 
two  areas:  Manley  Hot  Spttngs  area  in  the  lower  Tanana 
Valley  (ng.  1) ,  investigated  hy  Hopkins,  and  iippw  Tanana 
Valley  and  adjacent  parts  of  the  Yiiken-Tanana  upland, 
investigated  by  Foster  and  Hotanes. 

Serious  speculation  about  the  origin  of  pingos  dates  from 
Lefflngwell  [2]  early  in  this  century,  and  current  idt-ax  hold 
about  these  features  were  introduced  about  25  yoars  ago  by 
PorsUd  [)].  The  latter  noted  that  pingos  tn  northwaatem  North 
America  are  fouivd  on  both  sloplftg  and  level  ground.  Mounds 
on  sloping  qround  occur  In  sandy  or  other  pervious  soils. 
Pingos  found  here  iire  -.i-^ise.  small,  of  vrtriouf.  shapes,  com- 
monly rupl'jrt.'d  at  the  top.  and  opfjorontly  formori  hy  hydraulic 
pressure  of  movint;  cjrnund  water-    Mounds  on  level  ground, 
especiall',  in  tnc  JA,!  2:-2r./ R^vir  D-  lln  riron  .  are  1"Ti;-;-, 
abur.dt'i-M  ,  arpL  u/.jai.>'  louiiJ  .r:  o.J  id^.':;  Lki.untL,    r;t-'i..:T.al>ly  . 
this  tyf  i'  v/.i:-.  rnrmed  by  local  upheaval  of  the  overburi^en  by 
cncroari-.my  tiiid  freezing  ol  contir.i-J  ground  water.    This  might 
occur  in  lakes  that  become  too  sha.low  to  prevent  formation  of 
permafrost.    Recent  studies  L4j  in  Grecr.lanc:  and  the  North- 
west Territories  supplied  detailed  evidence  for  two  types 
described  by  Porsild:  Miilier  termed  these  the  open- system  and 
closed- system  pimos  ,  i^'ipfct.v.'ly.    He  showed  that  very 
few  pirxjos  had  been  reported  trom  the  boreal  or  sub-arctic 
forest  zone,  axBept  far  a  faw  In  oeiHral  Siberia  and  western 
Alaska . 

REPHESF-fJTATIVE  PINGOS 

Pintjos  of  interior  Alaska  are  conical .  elliptical,  oval,  or  ir- 
regular mounds  and  are  found  sin^iiy  or  in  clusters.    They  range 
from  ;0  to  100  (t  In  height  and  from  25  to  IZUO  ft  in  diameter. 
Thus  their  maxirnum  size  is  less  than,  but  rojghly  average  to 
pln^^o5  on  arctic  tundra  '4.       .    .Some  pi:>gos  ot  Interior  Alaska 
are  smooth  mounds  with  jndisturt'ed  vegetation  and  no  micrO- 
reliel,  but  most  have  one  or  more  features  such  as  trenches, 
slumped  sides,  mounds,  craters,  ponds,  or  springs— indlcatlny 
disturbAi^e  or  collapse,   MicnDiehcf  features  readily  identify 
(:ir>jos  and  di stingtilsh  them  from  landslide  hlochs,  bedrock 
knobs,  mudvolcanos,  or  thaw  lakes. 

Fla.  2.  shows  a  symmetrical  pingo  in  a  typical  setting  near 
the  edge  of  a  silt- filled  valley  In  the  upper  Tanana  area 
(lat.  6j  55* N:  long.  144*  33'W).  It  is  covered  by  a  mature 
stand  of  aspen,  birch,  and  spruce,  and  is  surrounded  by 
scrubby  muskeg  vegetation.  A  nearly  symmetrical  cratered  pingo 
in  the  upper  Tanana  area  (lat-  bi   AS'  N;  long,  144°  12'W)  Is 
shown  In  Figs.  3  and  4.  it  has  a  mature  bUch  fM«st  on  Its 
flanks,  a  circular  pond  in  the  crater,  and  muskeg  vegetation  on 
the  valley  floor  around  it.  Figs,  S  and  6  show  pingos  in  the 
lowor  Tanana  area  near  Manley  Hot  Spnngs.  The  Pioneer  Creek 
plngeClat.  65'lS'N;  leog,  tSO^OS'W;  fig.  S)  Is  probably 
■Mie  typical  of  those  of  imorlor  Alaska  than  the  foregoing  ex- 
amples. Located  on  the  side  ot  a  hUl,  It  tea  a  nwrfced  asyn* 
metric  piaflle,  a  large  drained  enter,  and  springs  nanr  tte 
aummli  of  tte  pinge.  The  McKtnley  Creek  (lat-  M; 
long.  I  so"  30'  W;  rig.  9  pingo  is  an  unusually  broad,  low 
mound,  with  vegetation  conoentnoaUy  aoned.  grading  inward 
fiom  w«t-«teund  plants  amund  Its  margin  ts  a  Ureh«wllloww 
heath  assemblage  on  Its  weU-dralnad  aunuslt. 

DISTMBUTION  AND  ENVnOIIMBNT 

Regional  ftstrlhutlon  end  Density 

firiqos  are  found  throughout  interior  Alaska  — in  the  Kateel  River, 
Hughes.  Ruby,  Tanana,  Kantlshna,  Uvervgood,  t'airbanks. 
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rig,  lA.  Areas  In  tte  lowar  and  upper  Tanaaa  Valleys  and 
parts  of  tte  Yuton^  Tanana  upland  wtere  the  autfiors  oanlod 
on  tte  investlgatlonB 


Circle,  Big  Delta,  Mt.  Hayes,  Charley  Rivor,  and  Tanacrass 
(1 :  250 ,  000- scale  topographic  quadrangle     ricj.l).  System- 
atic Inventones  of  pingos  based  on  grnunl  traverses,  aerial 
rerannaissances,  and  aerial  photographs,  have  resulted  in 
identifying  about  45  pingos  In  the  bOUU  sq  miles  encompassad 
by  the  Charley  River  quandrangle,  about  ISO  pingos  In  the 
fIJUO  sq  miles  encompassed  by  the  Tanacross  quandrangle  and 
the  eastern  third  of  the  Mt.  Hayes  quadrangle  (Fig.  7).  and 
about  SO  pingos  In  the  SOO  sq  mites  oncompasaed  by  tte 
Manley  Hot  Springs  area.  Probably  soma  pingos  tev«  gone 
unnoticed  tn  each  ot  chose  areas,  ng.  7  shows  ttet  tte  ptngoa 
are  not  uniformly  distributed:  some  areas  have  as  many  ae  IS 
pingos  per  100  tq  miles,  tet  others  have  few  or  no  pingoa. 
Pingo  density  Is  much  groater  In  soma  aietic  tundra  raglona  of 
continuous  ponsaftost.  Densities  as  gsaat  as  100  prnges  par 
100  sq  sales  era  reported  in  parts  of  tiia  Mactensle  River  Delta 
anas  [S]. 

Climatic  SetUno 

Interior  Alaska  has  lorvg  .  i  oln  .vmli-rs  and  short,  warm  sum- 
mers. Mean  annual  temperatures  at  ^liferent  .stations  rerKje 
from  22"  to  28"  F.  Annual  precipltatioii  it\  low.  r.ancjincj  from 
10  to  15  In. ;  more  than  half  of  i'  fall  ■.  ,i  ■.  r.i  i  n  ounng  summer 
months  1.6  j . 

Climates  of  the  arctic  tur;  ir-a  re  ji^ns  ol  the  pingos  Studied 
rliller  chiefly  in  t'i,-ir  ■.riinler  -and  coo.er  --iurimers,  lOWOT  mOSR 

annual  temperatures,  and  less  precipitation  [6,  7], 
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ModlfM  from  SigofoM 

rig.  IB.  The  areas  Investigated  in  relation  to  pingos  In  interior  Alaska 


rig.  2.   A  symmetrical  pingo  near  edge  oi  a  silt- filled  valley       Tig.  J.   A  cratcred  plngo  in  the  upper  Tanana  area 
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rig.  B.  Dswmlopa  dlraetlon  mMBiiraiMntt 

V«geteuon 

Tha  pteat  eowar  of  liiMrtar  Alaaka  IdcludaB  teoad  mmb  of 
toml  Qt  lalKlor  aimic*  and  Urch  faratt,  which  Is  «  dlsmn- 
tlnuauf  sone  lutarrupted  by  tundra  On  ths  higher  hills  and 

mountains  (Fig.  I).   More  detailed  map*  show  the  tof  <1 
forest  intorruptad  in  low  areas  by  patches  of  shrubby  muskr."j 
vegetation  and  treeless  bogs.  No  plngos  were  repotted  (tool 
upland  tundra  on  hill  or  mountain  summits  here,  but  many  exlat 
on  muskegs  and  bogs  within  the  boreal  forest.    Of  170  pingos 
whose  vegetational  environment  is  known.  61%  are  in  forested 
area  s .  34%  in  arMs  Of  attfubby  Rvakag  vtgcttUen,  atid  S%  in 
treeless  bogs. 


Geology 

Pingos  are  found  In  areas  underlain  by  complex  and  defomiad 

Paleozoic  and  Mesozoic  r.edlmontary  roc-ks,  by  the  Precambllail 
Birch  Cffok.  Schist,  by  Mr-  ;i)/.oic  granitic  rorks.  and  by 
Mcsozoic  and  Tertiary  volcanic  rocks.    They  i-xist  on  vall«y 
slopes  and  floors  covered  with  Pleistocene  and  Recent  un- 
consolidated depo.ijts.  incluainq  colluvi^n.  vnlley  alluvium 
(ranging  m  grain  sixe  Iron*,  sill  to  giovej  ,  n i :  .vi.i  1  (or,  de- 
posits. ,oi  33,  organic  silt,  and  weathered  In  irir  k  .  Al'hOugh 
no  pingos  were  observed  in  areas  of  glacial  till  or  outwash, 
th«y  iBlgbt  he  fmind  in  «raaa  of  glacial  Alft. 

Slope  and  Dralnaaa  Baoiiliamanta 

Virtually  all  pingos  studlad  hare  He  on  genUe  to  atadamta  hlU 
•lopes  or  on  nearly  flat  valley  ftoora.  Nona  wma  obaaivad  in 
dialned  or  shallow  lake  basins,  although  these  are  abundant 
on  the  floor  of  the  upper  Tenana  Valley  •  Downslope  dliaetlon 
maaauranants  of  nearly  2S0  pingos  show  a  slightly  prefeired 
orientation  toward  the  south  and  southeast  (Fig.  4  and  aeoon- 
dary  praterances  for  east-  and  north*faeing  slopes.  When 
these  orientations  are  enamlned  In  their  geological  setttno. 
two  envlionaients  appear:  (a)  Near  the  lower  end  of  loao, 
gently  inclined  slip^off  slopes,  oriented  either  toward  the 
west,  east,  or  south;  and  (k)  Juat  below  the  base  of  steep, 
north-faclng  bluff ■  Irig.  9). 

Pingos  on  gentle  aUp-off  slopes  ore  uaually  found  in 
olustera  roughly  aligned  parallel  to  oonioura.  Sawe  pingos 
are  found  astride  minor  sutfaee  drainage  lines,  but  nost 
appear  to  be  Independent  of  svfaoe  drainage.  The  lattar  are 
confined  to  slopes  thickly  mantled  with  perennially  frozen  silt, 
and  probably  marie  sites  where  ground  water  confined  in  uader^ 
lying  unfrozen  gravel  gains  enough  hydrostatic  pressure  to 
breali  through  the  overburden  of  frozen  silt. 

Pingos  on  the  steep  north-tacing  slopes  arc  also  found  In 
clusters,  commonly  as  groups  of  mutually  Interfering  pingos 
of  different  ages.   Most  north  slope  pingos  lie  downslope  from 
mouths  of  ravines  believed  to  he  along  rxirth* trending,  shear- 
ioivi  in  li'-clrock:  th:;;  su  iji'sts  th.it  they  are  looalised  by 
ground  water  emur^irvy  (nam  fault  zones- 


Direction  of  ground-woter  movement 
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CONCLUSIONS 


Individual  plnsos  of  interior  Alaska  differ  widvly  in  age:  all 
studied  ar«  mora  than  10  years  old,  and  probably  nona  is  more 
than  7000  year*  old. 

None  of  the  ptagoa  observed  were  formed  within  the  last 
Tor  aXBinpla,  mdny  m  the  Manley  Hot  Springs  ana 
logmpiMd  la  19$l  and  again  In  19S9.  None  had 
diantrad  In  chaiaclaflstica  dataetaMa  en  aartal  pholegmplis 
durinQ  tha  intanraiilns  period.  Slnea  aoaia  of  the  aaaoilxialy 
yoimBeet  plnffos  apfiear  oa  both  eote  of  photoa.  pMbably  aost 
of  thaaa  plngos  davalopod  bafora  19SI. 

Many  plngos  davel^pad  in  poeriy  dialnad  areas;  leeal 
dialnaga  oondltleaa  hava  ganemlly  laipfoved  because  of  aien^ 
Ing  above  eiinouBdliig  tecxaln.  One  or  two  plngos,  peihaps 
only  a  few  decades  old.  bear  vagaiatlen  sttU  raapendlng  to  tha 
tawnved  dnlnage;  this  rasponee  holds  true  with  most  plngos. 
Sevaral  are  auppoitina  tn**  man  than  a  eentury  old  that  were 
unable  to  begin  giDwlng  laMll  plages  had  been  formed;  still 
older  generations  of  trees  are  lepsaaanted  by  rotting  sttmps 
and  fallen  logs.  Plngos  bearing  evMenee  of  two  gensiations 
of  forests  eannet  be  less  than  two  centmles  old.  and  nest  ere 
probably  aiueh  older. 

Waak,  yeulhful  appearing  soil  profUaa  developed  In  turfi* 
dal  mantles  Indicate  an  upper  age  limit.  Moat  pingos  have 
developed  where  soil  is  saturated  throughout  the  thawing 
season,  so  that,  presumably,  a  half-bog  or  tundra  soil  was 
present  before  surlictal  material  was  arched  by  development 
of  the  plngo.   Some  gently  sloping  and  poorly  drained  plngos 
still  have  such  a  soil.  The  higher,  steeper  plngos,  however, 
are  well  drained  and  their  allt  cover  Is  remarlcably  dry;  e 
!orc 51- limwti  soi.  a:  j  po:l/ol  jhould  be  developing  In  these 
sites.    However,  slit  or,  the  high,  well-drained  plngos  shows 
only  a  weak,  poorly  dfV'      •  ;    oil  prolile,  consisting  ol  a 
3-  to  6-ln.  zone  of  weak,  ox.  iijtior,  yrJiJing  Into  groy  or  ollvc 
urioxiLijzffd  y.i'A.    T))e  soil  profile  on  these  pimjos  roprcsents 
,1  m jc.-i  ;-;iori<n  tli-K-  span  than  the  mjch  thictcrr  pronle  de- 
vclopci;  on  IficsG  of  '.V;  tircr.sj.-i         r>,-,  wcl .-  Irai d  s.opas. 
None-  of  the  pimjos  show;r.:j  this  wcaf,  ':.oil  luofijj  can  be 
more  than  a  le-.v  thousand  years  old- 

T?if>  por_;Nib:<!         of  or.i'  pirKjo  m  thf  upp<*i  T,^tuir-i  Valltty  ii 
limited  by  tho  radiocarfior.  nyc  yf  woori  Incoipurat*':!  in  thi' 
alluvial  sedinents  that  were  archea  v/hen  the  pinyo  was  fornod. 
A  fracjTient  of  spruce  wood  buned  2 .  b  tX  deep  in  the  Tiantie  of 
the  plngo  north  of  Dot  Lake  (Fig.  3)  has  a  radiocarbon  age  of 
7010  *  150  years  [8].    The  wcod  conr.ir.ts  of  di-trltal  mali'ti.Hl 
deposited  with  the  silt  prior  to  pingo  lormatlon;    thu:;.  this 
plngo  must  be  less  than  7000  years  old. 

Investigators  of  plngos  in  northern  Canada  arrive  at  slightly 
different  conclusions:  though  most  plngos  there  are  clearly  of 
Recent  age,  they  are  thought  to  have  formed  during  the  cooling 
that  followed  the  hypslthemal  interval.  Craig  l9]  establishes 
a  maximum  age  of  about  5500  years  for  a  plngo  in  tho  Thelon 
River  Valley,  lying  in  a  tundra  region  of  the  continuous. perma- 
frost zone.   The  date  was  obtained  from  organic  material  In 
laminated  silt  1 .  5  to  4.  S  (t  from  the  upper  surface  of  the  plngo. 
Otganle  material  included  pollen  indicating  forest  vegetauon; 
Cioig  Infers  that  the  plngo  formed  because  of  the  same  climatic 
change  which  caused  the  forest's  return  lo  present  tundra 
vegetation. 

Radlooarben  datlngs  or  organic  material  [  lo]  from  the  upper 
strata  ef  two  Maekenxle  Delta  pingos  near  Tuktoyaktuk .  NWT. 
fndleata  a  siaidmun  age  of  12 ,000  a  300  years  lor  the  Ibyuk 
pinto  and  MOO  a  200  years  for  tha  SUIyelc  ptnge.  MfiUar  ba- 
Itevaa  that  the  updonlng  of  the  Ibyvik  plngo  eocuned  n 
than  7000  to  10.000  years  ago,  and  that  tha  Sltlyok  plnga 
ptebaMy  formed  about  4000  years  age,  er  at  loughly  the 
tlna  the  ellnata  began  to  cool  aflar  tho  bypsttheimal  Intanral. 
Henoe.  there  is  louob  aOieement  In  maximum  age  for  at  laaat 
fow  plngos  In  noitfawestem  North  Aawrles. 

Maekay  [  II ] ,  on  the  bacts  ol  evidence  fiem  vegetation 
typee,  humus  thickness,  wMtfia  of  lee-wedges,  peat  acanu^ 
latlen.  and  cliff  recession,  also  believes  that  the  dosed- 
systen  plngos  of  the  Mackensle  Delta  area  are  a  few  thousand 
years  old. 


Closed- system  plngos  have  not  been  recognized  In  Interior 
Alaska  and  probably  are  not  present  there.   Thu-;  far  they  have 
been  reported  only  from  areas  of  continuous  permafrost  having 
mean  annual  air  temperatures  of  12°  to  22°  F.  Within  these 
areas,  they  are  confined  specifically  by  certain  hydrologlcal ^ 
and  edaphic  conditions,  as  shown  by  Muller;  these  oondltlena 
are  most  commonly  met  in  shallow  or  drained  lake  baslns. 

Opeifsystsm  pir,gos  are  abundant  in  the  discontinuous 
pemaftest  aene  of  interior  Alaska  la  areas  having  mean  annual 
air  temperatures  of  22°  to  28°F;  they  ara  rare  In  the  cootlnu* 
ous  permafrost  xone,  but  have  been  rapwtsd  In  east  Grsenland 
where  the  mean  annual  all  tempeistura  Is  aheut  14"r.  Wtlhln 
Interior  Alaska ,  epan-syatan  plngoa  ara  confined  to  aieee 
when  the  following  hydielagie  and  adaphlc  conditions  exlstt 
(a)  A  thick  layer  of  unoonaoUdatad  aedlnents  nnntllng  a 
sloping  surfsce:  ground  penmaUy  fiesen  to  depths  ofthe 
order  of  100  ft;  (li  on  aqulfor  present  beneath  the  perannlally 
Insen  sediments  through  which  ground  water  flows  to  the 
plnge  site. 

Open-system  pingos  of  oenlral  Alaska  ara  of  diverse  ages; 
I  have  fbimed  conHnuoualy  during  the  last  several 
years.  Thus,  they  did  not  rasult  from  any  known 
single  racent  climatic  fluctuation  in  central  Alaska. 

Although  no  pingos  of  Pleistoeane  age  ara  known ,  they 
could  have  fonnad  in  perigloclal  Intarler  Alaska.  Open-  system 
plngoa,  and  posalbiy  also  eleead*«rslam  plaoea.  pass  through 
a  sequence  ef  devalopmeatal  and  dageneiaitlve  stages,  eventu- 
aUy  becoming  lakes  with  uneven,  raised  shores.  FosstUy 
sosie  of  the  hundreds  of  small  lakes  In  the  valleys  ef  the 
Ytihon-Tanana  upland,  sometimes  regarded  aa  thaw  iokee,  swy 
be  very  old  plngo  craters. 
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ICE-WEDGE  CHEMISTRY  AND  RELATED  FROZEN  GROUND  PROCESSES, 

BARROW,  ALASKA 


IBRnr  BROWN,  U.S.  Com  RwioB  llitMMch  and  EngMMrtiv  Uboratoiy,  Itonovar.  N.a. 


Ilw  cbaoOcBl  ragtm  of  lo*-w«dgM  ia  a  imaatlal  tool  far 
fuilhar  alucMatlng  tta  oonplax  naahanlm  of  iet- «radga 
ganasla.  Vaitteal  and  horlaonlal  vatlatlona  in  tiia  lonle  eon* 
eaiMntions  of  an  lea-wadga  lafiaet  dlfferaneaa  in  tha  amount 
and  typa  of  Ineludad  natatlala  and  tha  tiatura  of  dia  nouri  Alng 
«f«tar  nipply.  It  la  conoolvaUa  that  ehangai  in  tha  cfaandeal 
ragtme  of  tita  aaaaonally  thawad  aoll.  duriiio  tha  mlUaimla  of 
lca»wdga  gfowlh,  taay  ba  obaanrad  indliactly  in  tha  diaaaeal 
variation  of  undarlylng  lea. 

Chaouoal  data  wata  gathaiad  fMn  lca-%rad9aa  and  aaiool- 
atad  aoUs  In  tha  Banow  aiaa.  northern  Alaska.  Hypeihaaea 
ara  liaaiiulatad  to  axplaln  tha  atratigraphlc  raeoid  of  tha  aanpla 
ait*  and  the  madianlama  by  whloh  tha  ehamloal  oonpo^tlatia 
of  tha  lea  davalopad. 

STB  DESORIPTION 

Tha  site  of  this  study,  a  rfdga  elevation  of  8.3  m  between 
BanowVUIaga and  Voth  Creek,  (lai.  ri'^'SSON: 
long.  15^42'29"  W) .  is  located  at  the  northern  extremity  of 
the  Arctic  Coastal  Plain.  Microrelief  la  oomposcd  of  high- 
centered  polygons  and  thermokarst  ponds.  The  perennially 
frozen  sediment  Is  predominantly  sands  and  silts,  with  sea- 
sonally thawed  soil  seldom  exceeding  O.S  m  In  thickness. 
There  Is  a  conspicuous  i-or-.i'  ol  Imrjir;!  org^iruc  rr.fli:i-r  .it  n 
depth  of  0,4  to  1.2  m  below  the  surface-    Pij-  1  illustrates 
surface  mlcrcrehef,  approxinate  location  of  subeurttoa  loe 
and  stratlrjraphic  units,  and  sample  locations. 

Wedrje  I  (sections  lA  and  IB)  :s  an  active  surface  wedge 
developed  under  a  soil  cover  U.  6  n  thick.;  It  occupies  the 
trough  .surrounding  the  r.siMvd  polyijons.   Wedge  II  is  a  narrow, 
itssure  or  voln-llko  ice  body.  Its  irregularly  shaped  upper 


M  BUmeO  PeAT  ■  RADIOCAItBOM  DATED 
0  OeSteMATIOM  OF  ftAOJOCAHBOM  SAunc 
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Fig.  1.  Block  diagram  o(  sample  site.  Barrow,  Alaska 
M 


aiiffhoa  la  located  near  the  baaa  of  tha  buriad  Ofganle  aona  at 
1.3  ai.  WadBe  HI  is  at  a  daiptfa  of  3  a  below  a  aona  of  high 
Ice  sUneml  aedliaenta.  The  sedlaient  liaiefllataly  above 
wedge  III  oontalns  aiaall  awasas  of  woody  peat,  tee-wedge  IV 
la  loeatad  at  a  depth  of  3  n  in  the  eamar  of  a  high-cenierad 
polygon  IS  n  south  of  tha  ptlneipal  Mta.  Ita  origin  is  prob- 
ably alnllar  ta  that  of  wadga  m.  Vartleal  foliation  [  U  la 
dlatlnot  In  all  wedge  seotioins.  Ouwldenbto  variation  In  tha 
aiiount  and  type  of  organic  and  ndnefal  la  ftnmd  In  teafahiaa 
raoovwad  fnn  tha  thawad  iee«wadge  loa. 

Gaolegie  and  padolegie  Utacatuie  oemalna  infcmatlon 
parunant  to  the  Barrow  ana  and  tiila  paper  [  I  lo  ill. 

METHODS 

Aeeaaa  holes  0.8  n  In  diamater  wan  augorad  to  depths  of  C  ■ 
in  tonn  ground.  Vertical  aanplas  ware  obtained  at  0. 3»n 
IMatvala  by  chipping  downward  along  nearly  patallal  eats  of 
toUationa.  Iteriaontal  saaqiles  urere  obtained  with  a  modified 
3-ln.  SmE  Ice  eorer.  Samples  weighing  approximately  SOO  g 
were  collected  In  polyethylene  container*  artd  thawed;  the 
supornatants  were  analyzed  chemically.  The  residue  was 
dried,  weighed,  wet  sieved,  and  examined  microscopically. 

Specific  conductance  was  detennlned  by  procedures  of  the 
U.S.  iii'Ologlcal  Survey,  Ca  plus  Mg  detertninatlons  were  by 
EDTA  titration.  No  and  K  were  determined  by  (lame  photometry 
usii^  a  LI  Intern.^l  stand.ir  J  and  Cl  was  detormlrir-il  liy 
mercuric  nitrate  titration  Stnl  solutions  wore  extracted  from 
thawed  soil  under  vacuum  at  the  Held  moisture  content-  DO" 
termination  oi  irioisturc  content  was  based  on  oven-dried 

wr-ijht.  lus  c,  .^nd  in>-ch.:ir>ic.'>.  analyals  waa by eonvaittlonal 

hydrrimcter  .5nd  .■;u-viiig  mcthfids- 

\Tt  the  laboratory,  frozen  aolls  were  placed  -.i.  k.iowr. 
volumes  of  delonized  water,  and  conduct?irx-e  was  rletermined 
on  the  supern.Htant  to  est-Hbllsh  the  rcUtior-sh;t  of  conductance 
to  conc-enirntion  ly  liter)  of  different  residues.  Radiocarbon 
datei  o;  peat  in/tu-d  in  the  Irozen  soil  and  of  organic  residue 
recovered  from  the  buried  Ice  were  determined  by  Isotopes, 
Inc.    Burled  peat  samples  were  pretreated  with  NaOH  and  HCl 
to  reduce  errors  from  contamination  by  soluble  organic  con- 
sutuents  and  carbonates-   However,  the  small  quantity  o( 
the  Ice^resldue  sample  peimltted  only  HCl  pretraatment. 

RBBULta 

Fig.  2  [irescnts  a  partial  chemical  analysis  of  five  vertical 
sections  of  ice-wedcjes.    In  the  surface  wedge  (sections  lA 
and  IB)  ,  all  lorjc  components  increase  with  depth,  approxi- 
mately lO-fold  in  '.A  rtud  S-lold  in  IB-    In  wrjclyo  II,  where 
each  sample  represents  the  entire  cross  section  of  the  wedge, 
only  minor  fluctuations  occur  with  depth,  and  concentrations 
are  aiiproximately  one- half  those  found  in  wedge  I  at  compa" 
rable  depths     Ionic  concentrations  In  the  upper  portion  of 
wedge  III  are  comparable  to  those  m  ihi-  iJrtr.al  ;uH-tion  of  18, 
but  do  not  show  an  over-al!  increase  with  depth.  Average 
equivalent  Na,  Cl  values  for  individual  sections  range  from 
O.Si  to  (i.b/,  with  no  significant  char«3e  for  depth.  Concen- 
trations of  potassium,  not  presented,  range  from  0.01  to 
0.1  meq/llter  (MlUiequlvalents  pet  liter)  arvJ  sfvowitd  more 
scatter  than  the  other  Ions. 

Tflble  I  pri-senti;  a  partial  cheroiral  analysis  o!  soil  samples 
from  alx>vrr  onr!  adjacent  to  the  Ice  sections.  Corvcentratlon 
of  soluble  salts  increases  with  depth.    Ka  CI  values  vary 
widely  between  0.2  5  and  \  .2.    Specific  conductance  of  spritvg 
melt  water  Is  a  fourth  to  a  half  that  o<  summer  surface  water. 
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Tabl«  I.  Ch«nlGBJ  oompoalUon  of  «a«oclatad  toil  •nd  gurteoe  wiMra«  Bmidw,  Alaska 


Sacuon 


Depth 
(mi 


Aaaadatad  Sou* 

S|ieclflc 


conduct.iticc 
(mlcroinhos) 


Ca  and  Mg 


Na 


CI 


O.S 

70 

470 

1.7 

0.90 

0.19 

2.8 

t.is 

u 

0.9 

121 

eio 

2.9 

O.SS 

0.21 

0.60 

0.81 

n 

1.2 

IM 

300 

0.43 

0.11 

0.36 

1.2 

n 

I.S 

92 

020 

4.3 

1.1 

0.23 

2.2 

O.SO 

n 

l.« 

00 

»70 

5.7 

I.S 

0.2S 

3.7 

0.41 

n 

>.l 

94 

000 

S.4 

1.4 

0.22 

3.4 

0.41 

9.0 

120 

3  900 

26.0 

0.1 

0.3S 

32.0 

0.25 

a.6 

210 

S  900 

31.0 

41.0 

1.7 

43.0 

0.95 

3.9 

145 

7  300 

43.0 

40.0 

1.6 

59.0 

0 .  fi  2 

»•» 

6.0 

88 

12  200 

63.0 

52.0 

l.O 

124.0 

0.42 

Surface  Waiters 

Sjpeellle 

OOHdUCtftHM 

Ca  and  Mg 

Ns 

CI 

samples 

bnicxooiho^ 

(mea/htori 

N-/C1 

PeiKlaC 

140-170 

0.70-0.90 

0.47-0. 65 

0.71- 

1.1 

0.56-0.66 

Mal«m««rad 

30-75 

Analyses  on  soil  'solution  oxtrdctod  Iron  th^iw«4  gpU  M  IMOml  notlUin  OOntailta. 
j^verslons  of  nvoisture  and  conductDnce  data. 

Section  IV  and  hole  35  L4]  <-,re  the  sacio  sample  hole. 
.Four  ponds  sampled  late  August  within  100  m  o(  site  1). 
n/aliwa  for  aanplaa  adjaeant  to  abov*  panda.  saaipM  aarly  Turn. 


[9]  for  dlaeuaaloo  ( 
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ng.  3.  ItolBtlCHicMp*  of  reddues  and  eomfawtanea 


Fig.  3  demor.stjatoy  Ihc.  iftldHonship s  between  res. due  ar.d 
conductance  tor  laboratory  and  (ield  sampli";     Diiuur>t.';  ir. 
dclonlzcd  water  of  a  medium  salt  residue  ore  rotroscntod  by 
curves  2  and  i:  that  of  a  low  salt  residue  (derived  from  above 
wedge  D  Is  represented  by  curve  1 .    There  is  a  S-  to  10-fold 
difference  between  these  two  soil  residues.    Curve  4  ra|NW 
sents  the  residue-conductance  relationship  for  the  ice 
ret-oviTin!  imm  a  horUontal  ror<-  1-m  Inug  in  wedge  I  at  a 
depth  ol  1  m     A  S-foltj  Increase  in  the  oraount  of  residue  In- 
creased the  conductance  by  only  scvcr-il  mlcromhos,  a  similar 
relationship  was  observed  m  the  laboratory  dilutions.  The 
scatter  m  points  around  Lurve  S  represents  sample  variations 
from  horizontal  sections  up  to  5  m  long  to  w.^dge  III  at  a  depth 
of  approximately  4.5  m.   The  residue  was  piedofninantiy 
Ofganlc.  No  oorralatlon  exists  batwaen  amount  of  residue 
and  eonduetanea  of  thawad  loa  in  thaaa  homootal  nettona. 
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Fig.  4.  Analyses  ol  residue  and  conductance  for  section  lA 
96 


The  Influence  of  residue  upon  conductance  js  further  ex- 
amined In  Fig.  4  (or  spctlon  lA.    The  obser\'ed  conductance 
Is  plotted  llncirly.    In  order  to  ev,-ilurtte  tlie  effect  of  an  as- 
sumed chemically  constant  res. due  or  -.r:!  ufcn  total  conduc* 
tance,  recalculated  values  arc  obta-.red  by  i;;i;r>y  flrnount  of 
residue  (Fir?.  4)  .  curves  2  and  J  (Fig.  J)    and  a  vriiuf  of 
50  mlcromtios  for  a  residue-free  ice.    The  calculaTion  assUOiaa 
that  contnbution  of  diluted  residue  plus  cor>ductancc  of 
residue- free  Ice  equals  total  conductance  of  the  thawed  Ice- 
wedge.  Observed  and  calculated  conductancas  oolnclda  for 
the  upper  poruon  of  tha  wadga,  iwlth  tiw  ebaanvad  valuaa 
Increasing  in  tha  lowar  aaeUona. 

Stratigraphy 

Radiocarbon  dates  of  burled  peat  and  organic  residue  from 
wedge  III  are  presented  In  Fig.  1.  An  addltiortal  sanple, 
which  yielded  an  age  of  14.000  *  500  years  (I  -  117U  .  has 
since  been  dated.   The  nryanic  residue  is  from  the  same  ice 
mass  (wedge  IlO  and  Is  located  4  itj  from  sample  D  (I  -  992). 
Exammafir 'I  n:        buried  peat  samples  for  pollen  .12]  indi- 
cated a  si.'jmficant  abundance  of  alder  in  the  yojriqest  peat  (A), 
and  little  or  no  alder  In  the  two  older  pe.its  (B  .md  C) .  All 
three  peat  samples  were  ckiminotod  by  yrass  ptjllon.  Approxi- 
mately S0%  o)  Ihv  mricral  scmI  overlaying  wedges  I  and  II  IS 
composed  of  particles  less  than  C  ,  t;  5  rr.Ti  In  diameter.  Tha 
fraction  of  the  onanic- mineral  residue  less  t.lan  0,  U!)  nm 
(wet  sieve  analysis}  rar«ges  Irom  6  to  67%.    The  plot  for 
secuon  lA  of  the  lea.<i  than  0.  OS  nNR  laildua  llwwi  a  lUgbt 
increase  with  depth  (Fig.  4). 

DISCUSSION 

Chemical 

Ilia  eontnetton  thaoiy  of  lea*wadga  gnwth  Inpllaa  that  watar 
and  Mfldua  an  addad  ftan  abova  tha  aioteea  of  tha  axpaadlng 
lea* wadga.  with  an  additional  aoetmiulatlon  of  lea  in  tha  oon- 
tiaetian  cfack  aa  hMfteat  Cl,  2,  i,  7,  13,  14].  Tha 
principal  aowca  of  tMa  luiAica  watw  la  the  spring  malt  of 
snow,  which  ganaraJiy  has  a  eonduetanea  of  lass  than  75 
mteranriioi*  Meat  of  tha  ofgaMc  faaMua  oilQlnalaa  fMui  tha 
vagatatad  aurihea  of  th*  polygon  traugh.  although  aoiM  la 
probably  darlvad  Item  tha  burlad  paat  xona.  Mlaaral  and 
eiganlc  laatarlals  althar  drop  Into  tha  contraction  crevice 
during  winter  or  are  washed  In  %nth  spring  malt  water*  Thera- 
fore,  chemical  composition  of  ice-wadga  loa  la  pradomlnantly 
a  function  of  water  supply  and  residua. 

The  data  from  sections  lA  and  1 B  suggest  an  apparent  dis- 
parity with  the  above  discussion.  The  S-  to  10-f61d  Incroaaa 
in  tha  ionic  eontaitts  with  depth  should  not  occur  if  the  water 
and  residua  are  derived  from  a  surface  water  source  and  from 
aoll  of  relatively  constant  composition.    These  irxfreases  are 
not  accompanied  by  proportional  increases  in  the  residues  as 
Indicated  by  \i;<-  cMlc  uIaied  v._ilues  (Fig.  4).  Microscopic 
examlrwtlon  ot  the  residue  revealed  ostracods  and  other 
fossils  in  the  lower  portion,  or  apex  zone,  of  both  sections 
(lA  and  1  &) .    Fossils  are  not  abundant  in  the  overlying  sedi- 
ment .  nor  were  any  raoovarod  boni  rasidua  in  tha  upper  poftion 
of  wedge  I. 

This  evidence,  plus  the  fact  that  salinity  of  the  'iedment 
ir^ere«ses  wi;h  rieiJih  (TdOle  I  and  Lo]),  strongly  suggest  that 
!»'isililcrous  sediments  are  incorporated  from  tfaO  aidaa  InW 

the  lower  portion  of  some  Ice-wedges. 

Possible  mechanisms  for  this  incorporation  or  accretion  of 
sediment  include  addition  of  adjacfn!  strata  by  (oldint;  into 
thi;  expanding  wedge  or  simply  by  the  growth  of  ihe  wcdye  intO 
the  adjacent  sediment.    !n  addifion,  Ir.ictures  may  forn  along 
or  traverse  the  lateral  wedge- sediment  Interface,  thereby  in- 
corporatinj  sadiment  frorr.  the  side  into  the  wedse.  Incorpora- 
tion of  sorae  residue  and  highly  rrdnera Uzt'd  wat<^r  or  Ice  into 
tj<isol  'itrtrt Lor-,5  of  Wf»daeii  may  also  Occur  locally  under 
pressure,  .iithougb  no  tiehl  evnli'Mce  ol  this  was  obs-vn.':' 1 . 

In  addiiion  to  these  methods  Of  lateral  accretion  at  depth  to 
the  wcdg'-,  residues  tmrn  the  surface,  such  as  leaves,  also 
penetrate  the  deeper  portion  of  the  contraction  ciaclcs.  Tha 
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retouvvly  unlCm  mU  eontantt  of  w«dg«s  Hi  and  IV  tuKMt 
•  am  eomMMlOMt  iMchanlan  of  crack  fUUng  from  abova  tha 
w«dg*.  TlwM  data  imply  that  aavaial  typaa  of  raaldua 
Inearpatstlon  opb  praaant.  perhapa  ewn  In  tha  aaaw  wadga- 

tonic  ooneantmtlona  In  tha  lop  matar  of  aurfaoa  wadgas  m 
eonnpaiatlvaly  low.  Tha  widar  cnok  naar  tha  aurfaea  la  Ollad 
with  mora  wata<r  par  unit  laaidua  than  la  tha  nanowar  and  lowar 
poRlon  of  tha  endu  oonaaquantly,  dilution  la  vreatar  naar  tha 
auifaoa.  Ooriwn  [1S3  lappaaad  to  wplain  varlaUttty  ot  aalt 
ooneantiBtlon  tn  an  lea  cfavtea  by  tha  aalaetlva  laaioval  ot 
tntaicfyitalllna  telna  duilng  matung.  Mowavar,  it  aaama  un- 
Ukaly  that  laaehlnB  or  lonle  dUfuaion  ooeur  In  the  loa-w«dga 
amnroniaant  to  any  dagiaa.  partloularly  at  theaa  low  lenic 
ooncaatiatloaa.  IMffierantial  aeewniitotlon  of  hoarfroat  loa 
would  ha  puiar  than  surface  watar. 

Wadgaa  n  and  m  contain  similar  (piantttlaa  pl  otganie  and 
ailnaml  raaldtia,  wtfii  a  pfadonlnanea  of  tha  foimar.  fome 
ooneantntlona  of  wadge  m  an  X  to  3  times  greater  than  thoaa 
of  wadge  11.  However,  It  would  be  speculative  at  this  point 
to  relate  these  differences  to  changes  in  concentration  of 
surface  water  and/or  soil  residue  w\th  time.  Chemical  compo- 
sition of  pratont  day  aurfaoa  waters  in  the  Barrow  araa  is 
usually  at  least  several  times  that  of  ice-wadge  ice,  with  a 
laiye  araal  variation  [16  to  18].   Cotr.parable  Na/Cl  values 
of  surface  water  and  ice-wedge  ice  suggest  a  similar  type  of 
water  supply  throughout  periods  of  wedge  growth— surface 
water  in  contact  with  a  merinc  environment  and  sediment. 

I.irrjt^'j  horiznntai  sonpjtrj  wns  ronnijct.^rj  tci  t'^'5t  the 
hypotheses  that  changes  ir.  the  chenacal  roji.Ti.j  of  ov-->rlylng 
soil  may  be  reflected  In  tlio  ..itfrril  ch^ rr.irr-"!  distribution  of 
ar\  ice-wedge.    The  1-m  section,  m-arly  perpendlrula:  to  Lie 
axis  of  wecjge  I,  showed  only  miror  Hut  ; .j,n:ioiii;  in  t  onoucl- 
ar>ce.    Similarly,  lateral  sections  a*,  rijhi  .!!uyl(-5  thnMjy.h 
wedge  III  showed  no  ti.i'nd  with  ar.  ass  jired  jni  jir.DCtional 
growth.    Without  luitner  detaUed  sampling.  It  if.  not  fiossible 
to  relatt>  cfiernlcal  regime  of  the  ice-we  ici'-s  to  Die  ch.Hni;ilng 
chemical  regime  oi  the  surface  soil,  a  process  implied  by 
MaMl  [19J. 

Stratleranhv 

It  should  ba  amphaalsad  that  tha  slta  ioeation  raprasants  a 
tepogiaphlo  high  and  was  salactad  to  avoid  tha  UOwlogle 
dlaoontlnulllas  asaeelatad  «rtth  tiw  laweritad  aadlsiants  of  tha 
tfaaw-iaka  oyola  (4,  9,  ll].  Baaed  upon  moisture  and  density 
valuaa  of  tha  sadlnants  overlying  wadge  in  ([9]  bole  34  and 
unpubUahad  data  of  O'AiUivon  &  tami ,  appnuUstataly  40% 
aattlaaiam  would  ooeur  if  tha  paranmaUy  faoaan  ovarbutdan 
thaiwad  to  tha  prasant  surffeea  of  wadga  SB.  Assustlng  that  tha 
top  three  meters  of  the  sample  site  (ng .  1)  ere  composed  of 
SM  massive  ground  ice.  a  uniform  settlement  of  the  polygon 
complex  could  conceivably  result  In  an  overburden  of 
approximately  1  m. 

Tha  following  tentative  sequence  of  events,  (paitlaUy  tha 
result  of  discussions  between  John  B.  O'Sulllvan  end  tha 
author) .  Is  postulated  to  explain  tha  atiattgnphte  raoord  of 
the  site: 

1.  Fbnaatlon  of  wedge  III  under  a  predominantly  organic 
surface. 

2.  Thaw  of  frozen  ground  and  truncation  of  wedge  III  to  its 
piaaant  position. 

3.  Fraasa  back  of  the  saturated  overburden  with  a  resulting 
laeraase  in  ground  volume  during  a  colder  period. 

4.  Growth  of  wedges  I  and  II  with  deposiuon  of  approxi- 
mately 0.4  m  of  mineral  soil  by  cryopedologlc  processes  LS: 
or  sedimentary  processes  over  wedge  n.  Wedge  11  probably 
became  inactive  shortly  after  this  surface  deposition. 

The  radiocarbon  dates  of  the  peats  cannot  be  used  to 
correlate  the  abovir  si-i(.ji-iit  i.  with  .jn  .ib-joUitc  time  scale. 
Since  the  ir.divuiujl  rjaf:  represents  a  romr-'islfe  or  average 
age  ot  the  peaty  material  and  does  not  in  ^ny  ■■vay  disclose  the 
time  or  circumstances  cf  its  burial     Hov/ever.  .aclt  o:  alder 
pollen  in  these  r.vo  older  pertts  suggests  that  they  were  burled 
prior  to  the  alder  maximum  ot  hypslthermal  interval  LS,  20,  2l] 
and  that  tha  hlghar-aldar  past  was  asseelatad  with  awn  raeant 


eiyopadologlc  proeassas.  Thla  youngaat  paat  (l77S  £  120 
yaan) .  if  aaaumad  oenalativa  %M1h  lea-wadga  gmwth  L 10] . 
placaa  tha  tensatlon  of  wadga  I  within  tiw  astlBwta  of  2S00 
yasra  awda  by  Black  lii  fat  a  naarfay  hlgh-caniafad  polygon 
alta. 

Oiganle  laslduaa  fioai  wadga  ID  eenlalnad  pala  giaan  to 
yallewiah  (ngmanu  of  noasaa,  partially  daoosipoaad  laawaa, 
and  lasksdag  paltata,  indleatlva  of  a  polygon-trough  anvlien- 
SMOt.  Tha  nslduaa  wans  raooveied  bom  blocks  of  loa  oon- 
taimng  approxlnMtaly  tan  varttcal  Ineramanta  aaeb.  Tha 
avefaga  agas  of  appioxlmataly  8200  and  14,000  yaan  may  ba 
raaaonaUy  lallabla  dates  tor  tha  growth  ot  thoaa  particular 
pordoins  of  tha  wadga. 

Tha  tiuaa  ladlocarbon  dates  of  burled  oaat  bsar  a  slodtartty 
to  thoaa  praaanted  by  Hopkins  at  al.  C22J  for  tha  Nosta  araa. 
Tbaie.  a  daap  thawing  of  perannlally  ftemn  oiWMd  ocounad 
about  10,000  years  ago.  Assuming  that  truncation  of  uradga  III 
peatdatad  tha  Implaeamant  of  tha  8200  and  1 4 . 000-  year  raal- 
dues  and  tiiat  truncation  was  caused  by  deep  thawing ,  tha 
deep  thaws  at  Nome  and  Barrow  do  not  conelete.   Rather,  the 
proposed  deep  thaw  at  Barrow  would  more  likely  correlate  with 
tha  hypaithermsl  interval  as  suggested  for  the  North  Slope 
[20.  21].  However,  reliability  of  the  residua  dates  requires 
further  substantiation  through  additional  sampling.  Correla- 
latlon  of  this  importance  should  not  depend  on  such  limited 
sampUag. 
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PERMAFROST  OF  EURASIA 
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V.  A.  RUDRVAVTSev,  Moaoow  State  Vnlveretty 


Tha  eonfiountiea  of  iha  paouOtoat  raglon  la  daumtfpad  by  tha 
high  latitudinal  peaition  (Itacth  Cinopaan  part  of  tha  tISSN: 
high  latitudinal  poaitton.  ineraaeed  oantlnental  natiiie>  and 
elevation  (Slbeilal .  and  the  elevation  of  the  lecallty  (Central 
Aala). 

PBIMAPIIOflTZOMBS 

Aeoofdlng  lo  the  dtftaraneet  tn  the  eondltloaa  of  develepnent 
of  pafennlally  ftosen  atrata,  the  pamaftoat  region  can  be 
divided  MM  latitudinal  ffaoeiyelegieal  zones  which  differ  in 
faatures  of  oceuirence,  distribution,  capacity,  structure,  and 
temperature  of  the  permafrost  and  ,ilso  the  type  and  nature 
Of  the  distribution  of  accompanying  cryogenous  physico- 
geelegical  formations.  In  the  USSR,  division  of  tha  panaafioat 
r«9lon  into  the  following  geocryolo<;ical  tones  has  been 
adopted: 

Zorte  I  Insular  distribution  of  permafrost,  complicated  by 
Itf  Iar9<^  mass,  tied  to  the  southern  mountain  systems.  In 
boundaries  of  this  zone  the  thickness  of  frozen  strata  varle.'j 
up  to  SO  m,  with  localities  exceeding  200  m.    Ten.pr  r.ilu.-.'  of 
the  rocks  Is  as  low  as  -1.0°C.   This  zone  occupi  - 5  jbout 
2f."''  o:  the  :€■:□]  iiron  of  tho  ponnafrost  rc'jiori- 

Zonrj  II    Uiiqc  rr.n      i3i?;tribuIioii  o!  (.'eimalrc;,!.  ThlcMn'SS 
o:  t!if  !ro/.i  i,  -luata  reachi-.'.  200  m.    Temperatute  of  the  rocv. ;. 
1;^        .o,v  js  -3.0'C-   ThI:.  .:on--  i.-;  «bout  !S*  ot  the  p'-:ni,i IrOit 
ar-'a  . 

Zone  III    Continuous  distribution  o:  permafrost  with  in- 
frequent thawed  rock.'J.   Thickness  of  the  frozen  str.itfl  r-  n.  h..-s 
300  in.    TempDraturi-  of  the;  rocks  is  as  low  a.s  -  S  U  C  This 
*0ne  Is  20%  of  thr  [  rrni.i  lrn;;l  ,in-.i  . 

Zone  IV    Gcr-yr.jr^'.-oaUy  continiiniis  :li  5trib[i:ii)n  ul  perma- 
frost.   Thi ckrf=  .=..<;  rf  the  frozen  5tT.Tt£i  reaches  /UU  m  ,  and 
temperature  oj  tiie  rock?.      ar.  low  as  -  I  U .  u  C.    Thia  zone  is 
about  40%  of  the  perm.ifroy.t  ar-.M 

Distribution,  thickness.  .i:itl  i.Trp,-t.it .Jie  of  permalrost  con- 
form in  complexity  to  the  aivorsity  nf  n.^tur-al  condition'  (r'-li-'l  , 
geological  stpjcture,  composition  of  rocks,  occurrence  and 
clrcuL^iiori      urLilfiground  water ,  etc.):  therefore,  the 
geocryo logical  character! .-stlcs  cited  above  are  average  ones. 

The  difference  in  the  composition  of  mountain  rock;;,  the 
aenesis  of  frozen  strata  .  and  their  ctyofiettous  structure  are 
determined  by  the  composition,  aQa,  and  Qenasia  Of  the  lOCka 
and  condition!:  of  cooling. 

EpigonrMic  frozen  strata  are  distributed  within  bounddrier^  of 
lanrltofies  that  are  complicated  by  rocks  older  than  the  Quater- 
nary period.   The  polygenetic  strata  are  tied  only  to  lower 
fCMins  of  the  topography,  in  whose  boundaries  Occurred  a 
aynchronous  process  o;  accumulation  and  freezing  ol  porous 
deposits .  Within  the  ttoundarles  of  the  young  alluvial  plains, 
polygenetic  fioaen  atrnta  dominate:  these  ara  diaiactariaed  by 
particularly  great  ica  foimationa.  specided,  in  general,  by 
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tlM  pvBBonoe  of  eBoraoui  polygonal  ayetema  of  iee-wedgea. 
Por  aouthem  aonea.  thawing  of  ice^wedgea  la  eharaeteiiatic: 
in  eentml  aonea  the  wedgea  an  buclad.  and  than  la  aone 
developnent  of  epigenatle  iea-ttadgaa;  in  aouthem  aoaaa  tha 

Cannation  of  aynganatle  wedgea  under  botloai-land  oondittona 
and  apiganatie  wedgea  for  the  elder  tocaw  of  aocumulatlva 
topography  era  charactertatic. 

Tha  piocoaaaa  of  aeaaenal  heaving  axe  tdtataetailatle  of 
aoaaa  I  and  U  and  gaaataily  m  mountain  ragiens  within  their 
bonndarlaa.  To  tha  north  thaae  pcDoeaaes  weaken  as  tha 
depth  of  seasonal  thawing  of  solla  dimlnshes. 

Thermokarsi  processes  due  to  the  thawing  of  epigeiwtte 
Ice-wedges  occur  in  the  limits  of  zones  n  and  III;  tbay  are 
practically  nonexistent  in  zone  I.  In  northern  regions  Ihanno* 
karst  effects  are  associated  with  syngeiietic  ice-wedges. 
Sollfluction  effects  and  the  formation  ot  polygorwl  cryogenous 
structures  are  developfd  primarily  In  zones  III  and  IV.  Ice 
formation  is  most  typical  of  the  folded- mountain  regions. 

The  greatest  dyrvimlsm  ot  frozen  strata  is  characteristic  Of 
zones  I  and  II  where  it  is  associated  not  only  with  the  change 
in  thf  tr'npr'r.i!..re  regime  of  frozen  Bttata  bUt  a ItO  With  their 
thawirsy  adii  new  formation. 

In  zones  III  and  IV  the  dyu.i;nu  f.  o:  Tcz^  "  srrnM  is  reduced, 
in  cjer.eral,  to  changes  in  l<'  n|j. ■i.tlui t:  irg.ir;*:'  ME-ii-i  on  the 
dostr'-ction  ot  natur.il  conr-.it mris . 

"lit:  first  sclentlllc  Coundary  of  pcrmufrost  11,        USSR  w.is 
established  by  the  lojnder  of  permafrostoloijy  in  the  USSR, 
M.I.  Sumgin .  in  1927  [  1  '  and  more  prcci  sely  in  \9'i7  .  Later, 
this  boundary  imder/vent  further  corrections  by  V   P-  Tumc! 
(1  945),  V.  A.  Kudryavtsev  (1949),  <ind  1.  J.  Baranov  iril>2). 

At  preFent.  the  southern  boundary  of  perrralrost  in  the  USSR 
occur;:  a-;  follows:    tn  the  far  northwest  of  the  country,  perma- 
frO'if  r>ri        ■■ti  I'l"  K'lh.k'/  Peninsula,  covering  its  northern 
port-    Parther  to  Ih-  c.tst,  tlie  southern  perrr.afrost  boundarj' 
berjins  at  the  base  n-  itr-  Karin  Peniniui.i  and  extends  almost 
in  a  latitudinal  direction  to  the  western  slojie  of  the  Urals, 
passing  approximately  through  the  settlement  of  Ust-Vorkuta. 
At  an  elevation  of  1000  to  1200  m  in  the  Urals,  this  boundary 
goes  .southward  alrrxj.it  to  tO    N  lat.    On  the  West  Siberian 
plain,  the  permafrost  southern  boundary  passes  almost  along 
62'  N  lat.    Ne.ir  Turukhnn;:lc  it  croL;;,e;^  the  Yenisei  River  and 
descends  steeply  southward  along  the  valley  of  this  ilver  with 
■ome  deviation  to  the  east. 

In  the  f.outh.  permafro.st  occurs  In  the  hi'jh  mountainous 
rei;iions  of  the  Saians  at  ;!  th>-  Al;ji.    C.irlhei  tn  the  eust,  this 
boundary  moves  from  the  USSR  to  China  and  Mongolia:  only 
tn  the  Far  F,.jsl  n<  .u  .'Hnndr/svsKaya  railway  station  does  it 
again  enter  the  tomtory  of  the  USSR  and  then  continue  along 
the  Amur  River  b>inK  to  IIS  estuBP)' .   L.i:.:  of  the  lower  Amur, 
laolated  permafrost  areas  occur  ir.  rlii   Sik.hola-Alin  mountalna 
and  in  Sakhalin.   In  Kdinch.^tk.i .  peimrtfwst  occupies  the 
northern  part  and  descends  southward  in  the  shape  of  a  tongue 
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to  the  central  pMt  Of  th*  pMlilMUla  OA  blgll  •ItwaUOU  Of  tll« 

middle  range. 

Permafrost  area  in  the  USSR  occupies  about  1C.7  nMlllon 
sq  km.  or  47.       of  lis  territory.    Or.e  must  remember  that  at 
pre*cm  th>-  southern  (joundsry  of  permafrost  is  not  considered 
to  bo  a  1 1  no  scparatlny  the  territory  ol  permafrost  from  that  of 
nonfrr;zi?n  roc«s.   The  permafrost  southern  boundary  Is  under- 
stood to  be  a  broad  zone  of  mutual  transition  and  penetration 
of  these  two  provinces.    The  iniddlo  of  this  zone  may  bo  con- 
sidiTf'd  a?,  the  dxls  of  perenmai  oscillations  of  the  permafrost 
southern  bojndary.    Usually  this  niddlr-  lim>  ir.  os^.uml•d  to  be 
the  southern  permafrost  boundary  for  a  yivcn  interval  o!  time, 
but  the  actual  boundar,'  oscillates  and  moves  periodically 
rwjrthward  and  southward  during  a  particular  inter\'al  of  time. 
This  definition  of  the  petmalrost  .southi-rn  txiundary  includes 
both  the  area  of  continuous  r-crnofrost  and  the  I'jolatcd  areas 
of  permafrost.    Not  included  in  this  definition  are  the  small 
thin  pem^afrr^st  "islands"  which  periodically  arise  and  disap- 
pear and  are  atypical ,  but  M*  Uplalwed  by  IdCB)  VflogmpMc 
and  g«K>l0(jic  conditions. 

Both  the  formation  of  permafrost  islands  south  of  tho 
permafrost  southern  boundary  artd  formation  of  unfrozen  areas 
within  the  continuous  permairost  territory  are  possible. 

These  oscillations  of  th«  permafrost  southern  boundary 
result  in  permarvent  changes  of  the  permafrost  area,  but  during 
short  intervals  of  time  the  magnitude  of  these  changes  is  con- 
pWBtiively  small.  Calculations  show  that  the  permafrost  ana. 
In  spite  of  continuous  changes,  remains  relatively  nmr  lie 
average  value  for  a  given  Interval  of  time  and  altera  not  mre 
than  120,000     km,  or  1.1%  oi  the  whole  area  par  yaar. 

The  pemafroirt  area  In  the  USSR  is  usually  suMfvfdad  Into 
ftve  panmlioat- temperature  sonee:  (1)  tnm  0*  to  -1*C; 
(3)  turn  -I'to  -a'C:  (3)  fnm  -3* to  -S*C:  (4  bom  -S*1o  -10%: 
(3)  towar  than -lO'c.  Slnoa  the  area  of  the  fifUiione  la  not 
(Tiaat  and  its  beundaMoa  an  net  aafflolently  aatabUihad. 
aonaa  4  and  S  an  oonsldand  te«atiiar  la  thla  itapoct.  Tho  Brat 
toMpaietun  sona  oeemdoa  about  20%  of  tho  whole  pamefioat 
aiea.'  the  aaeond.  iSfti  tiie  tbM.  2S%:  the  fowth  end 
flfUi.  40». 

The  ehanctadsttc  feature  of  the  tint  tenpatatun  aena  la 
that  it  fonma  tfao  peripheral  part  of  the  penaaJInat  tanWacy. 
Bare  the  suan  annual  tootpantun  of  thia  neka  in  the  daplb  of 
nam  annual  ampUtude  koapa  uaually  batwaea  0*  and  -I'C; 
therafora,  aUnor  ctangoa  of  geolooie  and  «eo«nphle  eendl- 
tlona  an  atifflcfont  to  turn  thla  lempentiira  into  e  poattlvo 
one.  which  naulta  in  paitlal  diawlno  of  the  pennaltoat. 

It  is  natml  ttat  within  tiUa  ama  pema&eat  oeetira  apo> 
radically,  as  sepoTata  paroafroat  Islands.  The  (tuanttty  Of 
these  Islands,  their  dimensions  and  the  ratio  of  their  area 
M  that  of  the  surrounding  unfroten  neks.  Increase  northward 
fma  the  0*C  geolsotherm  to  the  •  t*C  geoisotherm.  Thin  and 
small  peimafrost  islands  in  the  south  of  this  aoite,  having  a 
temperature  near  0°C,  gradually  pass  Into  Islands  of  thicker 
and  more  stable  permafrost  in  the  north  at  the  -  I'c  geolso- 
therm. The  first  zone  represents  the  northern  part  of  the 
transiuon  zone  when  the  pomafnat  raoioo  posses  taw  that 
of  seasorvi)  frost. 

In  the  fust  zone  the  processes,  dependim;  nn  tho  nicro- 
alteratior.f.  of  geologic- .geographic  conditions,  are  of  con- 
sidrroblo  ;m[xirtoni::c.' .    Suet;  prc'cesser.  are  usually  local  and 
arc  nbscp/cd  ir.  small  areas.    On  colder  and  thickiu  perma- 
frost layers  in  the  far  north  such  processes  ri-sult  :r.  some 
change  in  the  temperature  rorjiTiC  of  the  permafrost  upper 
layer  and  without  disturbim  its  continuity,  tut  ir.  the  first 
zon«  thoy  frequently  produco  the  entire  thawing  of  the 
pcma  frost . 

All  azoral  perma Irost- tempera ture  rcyior.s.  including  large 
BrA        i.'.r  rjver  valleys,  rerjions  of  volcanic  activity,  flr.ii 
.lettleJ  areas  withm  the  first  zone  often  have  no  pormairosl. 
hut  it'j  dfvi-lopm-nt  hi-re  i&  pos.-.i bto  with  favorable  conditions. 
In  the  first  tempera* j:e  /.nne,  th"-  thicknes.'!  of  permafrost 
layers  ranrjes  from  '-i  rr,  to  5  j-  HO  :n.  with  a  maximum  ol 
100-120  m.    In  this  zone  the  periri.5 frost  b<!ds  Arc  u.s-i.ijly  of 
Holocene  age.    Permafrost  in  the  sojthein         o!  this  zorje 
arose  after  the  thermal  maximum.  There  is  a  possibility  of 


discovering  relic  permafrost  beds  at  some  depth. 

In  the  second  zone  the  interval  of  the  temperature  change 

is  f^flco  as  great  or.  in  the  fir.-st  zone  (from  -1°  to  -i'Ct.    It  Is 
essentia,  that  the  upper  temperature  limit  here  Is  not  the 
limit  temperature  of  pernafrost  existence,  -O'C.  but  -1°C» 
whlcrli  secure;)  a  certain  reserve  of  permafrost  stability. 
In5lgnl(i::.^nt  changes  of  geologic  and  geographic  conditions, 
resu.tirK^  in  a  I    temperature  increase,  do  not  stop 
permafrost  dovslofSMiM  but  Only  brtng  Itto  the  ertttoal 

temperature . 

In  tho  seoorxi  zone,  only  considerable  influences  of  cjeo- 
logic  and  geographic  factors  may  sometimes  bnng  at>out  thaw- 
ing of  permafrost.    The  temperature,  -S'C,  Is  not  sufficiently 
low  to  save  the  permafrost  from  thawing  entirely  or  from  the 
warming  influence  of  some  factors. 

These  considerations  lead  to  conclusions  about  the  charac- 
ter of  permafrost  In  the  second  zone.   The  paoaalicost  here  is 
not  sporadic  but  is  represented  by  small  areas  separated  fay 
unfrozen  zones  on  tahcs     In  the  first  zone  we  cannot  state 
any  principal  difference  between  its  southern  and  northern 
parts  (near  geolsotherms  of  -0°  and  -1°C) .  since  the  whole 
zone  is  characterized  by  the  island  fDna  ol  pennafrost;  in  the 
second  zone  its  northern  and  southern  porta  anist  be 
distinguished  as  subcones- 

In  the  southern  subzone,  tenpentun  between -I*  and 
-I'C.  elestenu  of  the  flrat  aone  an  nthar  fvaaoant.  while 
betman  the  fieolaothanaa  -2*  and  -9*C  panaaftost  islands 
an  mn.  parsiafinst  maaalfs.  sapentad  by  unteaan  stripes, 
an  dominant.  Even  alsnst  continuous  pemebost  with 
eepamte  tallka  oeeura  In  nountainoua  ragioaa. 

Tbua.  If  the  altematton  of  aeasonally  Ikoaen  gvouad  end 
pamaftoat  la  typical  of  the  flrat  aone,  penaallost  is  typical 
of  tho  aeeond  aone  and  particularly  far  its  northern  pert,  when 
tta  aaaaonaUy  teaen  «nund  ia  asaecieted  with  the  araee  of 
psnnnial  tallks  and  the  layer  of  seesonal  thewlag  predoad- 
natea  over  the  layer  of  aaaaonal  Ineainp.  Penaifioat  ihiefc- 
neaa  ta  the  second  aone  uaually  diansea  Itaai  30-90  n  to 
lSO-200  ■  and  sion— the  rallcs  of  non  aadafit  pemaltoat 
layan  of  sraater  thlokneas  faainp  uaual  hen. 

The  tempantun  nnpe  tion  -S*  n  -S*C  In  the  third  aone 
dlfCera  eonaldemUy  fmn  die  critical  teaweretera  far  the 
asdatenoe  of  panaatreat:  thanton,  the  tallks  develop  hen 
only  under  the  influence  of  atnnp  laetors.  Pamaitost  la  the 
third  zone  is  chiefly  oonUnuous.  Tbllka  an  usually  due  to 
hydrogeological  factors.  Surface  and  undeiyitMind  waters  an 
able  to  neutralize  conditions  facilitating  permafrost  develop- 
awnt.  the  stability  of  which  is  Increased  by  its  great  thickness 
reaching  and  even  exceeding  2SO-300  m.  Permafrost  of  such 
dUckness  can  disappear  only  under  the  Influence  of  a  con- 
stant factor  producing  a  total  thonaal  effect  ralsinp  the 
temperature  by  more  than  S*C. 

All  the  local  geologic-geographic  changes  resulting  In  a 
small  rise  ol  temperature  cannot  cause  complete  thawing  to 
create  tallks;  such  choncjes  can  produce  only  Incomplete 
thawing  or  pseudo- talik s.    To  form  a  pseudo-tallk  In  perma- 
frost haviT/g  a  temperature  of  about  ■i'^C,  a  change  of 
geologic-gtKxjraphic  conditions  securing  a  rise  to  7    to  8*C  is 
norte s.':rtry .    Therelcte.  ;hey  occur  in  the  valleys  of  big  rivers 
with  larye  alluvial  streams,  as  well  as  ne.=ir  outlets  of  thermal 
springs,  usually  alorrs  tectonic  Iracfures- 

Permafrost  occurrence  in  the  third  zone  is  relatively  con- 
stant and  stable,  and  pseudo-talili;  s  are  more  typical  n(  it 
than  for  zone  II.    The  range  of  tem.perature  variations  in  tho 
third  zone  l*  much  greater  than  m  the  previous  zones-  While 
in  the  first  and  second  ^ones  relatively  small  te.mperature 
chan.jes  produce  local  taltks.  In  the  third  zone  a  tem.peral ure 
rise  of  -i"  to  i)''  C  does  not  disturb  the  permiifrost  conunuity. 
Therefore,  this  zone  is  the  region  of  great  temperature  changes 
and  .s.  according  to  V.  F.  Tumel's  expression—  the  zone  of 
shrttp  tiimperaturc  contrast.'..  "    Perxatrost  thickness  In  thtS 
zone  chatKjfj  (mm  100  lo  1  50  m  to  2S0  to  300  m. 

Tho  fourth  and  titth  znne-;  diffor  from  the  previous  throe 
zones  by  a  very  low  temiperature  (lower  than  -S°C) .  The 
mm, mum  temperature  in  the  fifth  zone  is  -I3.6°C  on  Oimyakon 
plateau  at  Yakutia,  In  the  region  of  the  Cold  Pole,  Calcula- 
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tlolu  ahow  ihat  tMs  pecuUw  pole  of  pomafiost  oold  U  locatwl 
wtOiiB  th«  Chenky  Rrag*.  wtow*  at  abaolvta  alavatlena  of 
3000  to  3200  m  Hm  pamatiott  twapantura  at  tha  dapth  of  tha 
saio  annual  aapJituda  ia  about  -IT*  to  -21*C 

Famallreat  ia  tlia  fourlfa  a«d  flftli  aonaa  la  vafy  ataUe  and 
oontlBuaiu.  Thiaugh-tallkK  ban  am  •Inoat  abaant<  axeapt 
In  small  aiaaa  whan  the  Influenoa  of  aurfaea  and  gioiind  watar 
la  graat.  1liiwiBh->talilca  ooeur  aaai  (ha  outlata  of  thaniial 
aiMnga  ondar  U9  nhrara  aad  daap  and  laoad  lahaa.  Paaado- 
tallka  ara  poaaiUa  undar  rawU  rivars  and  lakaa.  WltMn  thaaa 
aones  the  pennafrost  thickness  reaches  600  to  800  in. 

Peculiar  changes  of  permafrost  layer*  in  connection  with 
big  river  bed  movements  are  usual  in  these  zones-   Side  dis- 
placement of  tho  nver  bed  results  in  the  thawing  of  the  perma- 
frost upper  layer.   When  the  speed  of  the  nvar  bed  diaplaea- 
ment  is  groat,  the  pormafrost  under  it  has  no  time  to  thaw 
entirely  because  of  the  great  thermal  ir^erua  of  deep  permafrost 
beds-    During  the  spit,  shoal  formation,  and  revers*;  river 
displar  i-rr..'ni:;  th'.-  pnrm.5frost  rises  agoin  ar.d  umJr.'rgoos  a  vaiy 
complicat'-i-i  coursf  fif  d<?vc>lopmcr.t .    Thus,  it  may  occur 
under  deep  parts  of  th?  nver  bod  3nd  be  absent  under  shallow 
ones.    When  perTiat.-o  t  is  investigated  in  the  lower  part  of  a 
big  Siberian  rlvc: .  It  i  ■;  nc:  <-;r;.iry  to  tflkp  into  account  the 
history  of  the  riv-T  v.iUoy  anJ  to  considor  fh(?  permnirost 
temperature  conaitions  nnly  in  this  oirrfr;.  t..  Thrrmal 
inertia  of  pennafrost  layers  500  to  8UU  m  thick  is  reckoned  to 
reach  thousands  and  tens  of  thousand.s  of  years;  therefore, 
the  history  of  a  river  valley  must  be  considered  lor  the  same 
Intaival  of  tliaa. 

sntvcrvRE  of  permafrost  usma 

Iha  eiyoganoua  aintctura  of  panaafioal  In  tha  VSU  la  halafo* 
oanaeus,  dapanding  on  aiany  fhciora  and  oondltloos  (Uthologle 
and  oraiiulonaMc  composition.  Intaroonnaction  of  Itthoganasis 
and  baeslng  processes ,  the  rate  of  freezing ,  properties  ot  the 
Strata,  etc.)  ■  Each  factor  and  condition  is  essential  and 
important. 

With  respect  to  the  processes  of  lock  formation  the  perma- 
fiOBt  may  be  metadiionous.  synchrornus.  and  polychronoua. 
In  the  first  case,  eplgerketlc  pennafrost  layers  are  formed:  In 
the  second,  syngenetlc  permafrost  bods,  and  in  the  third, 
polygcnetlc  pormolrost  layers  of  mixed  genesis-    Each  of  these 
permafrost  genetic  types  is  established  jccoramcj  to  Its 
cryolithologlc  features  or  by  correlation  of  time  and 
cDr.duions  of  fock  gcnasls  with  the  tima  of  Its  pafannlal 
i.'euiiiig . 

Eplgenetic  Type  ot  Permafrost 

Thla  type  occurs  In  the  whole  peiaiabost  area  and  Is  funda- 
mental. Fema&ost  layars  of  ihia  type  wera  Jbnned  during  the 
whole  of  the  ooelino  epoch  (rem  reeks  of  different  oompoaltlen. 
prepeitlea.  and  age.  Hies*  layars  have  hataroganous  cryo- 
genous  stmcturs'  naidaaianlal  fsotves  of  eplgenntlc  pensa- 
frost  layers  ere  detenalnsd  by  the  weelfle  conditions  of  their 
origin.  Their  chief  ayegenoua  fsetm  la  connected  with  the 
Cict  that  in  the  baglimlaa  of  parannlal  freezing  the  leeka  warn 
already  In  eiilstence«  and  their  tceeslng  waa  directed  down* 
waifd»lha  layer  of  saeaenal  teatpamtiwaoseUlatlons  being 
aomewhai  atable.  The  pereaiiial  fraesing  did  not  bring  any 
special  features  to  Ilthogenesls:  the  seasonal  freezing  some- 
what Influenced  only  the  Ilthogenesls  of  separate  modtficstions 
of  dlalntagrated  deposits. 

tarennlal  freezing  in  connection  with  crystallisation  of 
mehlla  watar  affected  some  rock  properties  through  the  de- 
velopment of  hidden  cracking ,  widening  of  open  fissures, 
aggregation  of  fine  grained  particles,  etc. 

In  homogeneous  deposits  a  regular  charvgo  of  cryogervous 
strLirti.ri'  '.r:m\  the  surface  downward  is  observrJ  to  the  depth 
o!  thu  primary  ;«3Sition  of  the  annua!  temperature  v-3riation 
layer.    Upper  permafrost  layers  display  macrostructural 
seconder,'  elements  (ice- w«-cg^^.s)  sup-^iinipose j  or.  the  priniar/ 
St!  .  :       (lamellar,  cellular,  eir.). 

SUaiiiication  with  breaks  is  produced  by  a  doflnito  succes- 
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alon  In  the  lee- lens  developeient.  DIatanoa  between  lenees 
inereaaea  with  depth.  The  same  is  observed  below  the 
eeasenal  temperature  vanatfOA  layer,  cauaed  by  apadfle 
paaoaaaaa  and  nta  of  ftaaalng.  la  taeaMganaeua  swrlna  da- 
poalta  laawllar  and  polygonal  structures  aie  obaervad. 

In  heterogeneous  disintegrated  fresen  deposits  the  cryo- 
geneua  structure  it  mora  convllceted.  In  die  alternating  aand 
and  sandy-clay  horlaona.  each  has  Its  o«Ri  structure:  The 
boxen  sandy  layers  are  monolithic  end  the  aand-cley  layers 
are  laminated. 

The  structure  of  relatively  dense  young  Tertiary  and 
Mesozotc  rocks  Is  generally  h(;t>>rogeneous.  The  argillaceous 
horizons  have  flaky,  laminated,  and  cellular  structures; 
sartdstotves  and  coal  are  cellular,  depending  on  the  depth  of 
their  bedding.    The  cryogenous  structure  of  dense  rocks  (sedi- 
mentary, melamorphic,  and  igneous)  depends  on  the  character 
and  degree  of  Jointing,  and  Its  dlstrlbutlor.  m  area  and  depth; 
It  also  depends  on  the  presence  of  free  ground  water 
( S  it  iiration  sons)  i  or  Inflltntad  and  comlansed  watar  beratlon 
2one) . 

In  addition ,  ;hf',.-  Iratjr.'^  of  the  epigenetic  pemafrcst 
layers  also  have  other  S|joci1ic  qualitii5s  Ixjcau;;^  the  composi- 
tion and  properties  of  itjcks,  as  well  as  the  conditions  of  their 
freezinfs,  may  be  quite  different.    Rolic  cryogenous  Struc- 
tures        b.'  traced  in  •  pi  jen-i-tic  pennafrost  layers  WhIch  bava 
undcigonn  repf>aied  freezi.'ig  and  thawing, 

rri;i'r  t'tir  ;..Tmatrost  Is  always  Included  (if,  a  part  of  the 
pOiyijeneUc  permafrost  forming  Its  bosal  lower  port.    In  iso- 
lated regions  where  brine  occurs,  the  zone  of  coohrvg  has  one 
or  two  horizons  of  permafrost  and  a  zone  of  low- temperature 
imfrosen  rock. 

ftwiaenatlc  IVea  of  Parmafieat 

Only  tha  upper  boneona  of  die  pemafioat  ara  ibmed  synge- 
natlcally  (if  llieM  wera  no  marine  transgrasslons  or  Ihorao- 
karat  and  ether  lakes} .  A  ^ngMtatie  herlaoft  davelepe  arith 
synchronous  deposition  and  firaasing  of  sadlnents  aeeumulMad 

as  the  result  of  erosive,  diluvial,  abrasive,  glacial,  and 
other  processes.   Therefore,  the  age  of  syngenelic  perma&oat 
horizons  la  not  Older  than  Quaternary.    This  is  the  chief 
difference  between  syngenetlc  and  epigenetic  types  of  penaa* 
frost.   A  syr^genetic  horizon  is  a  necessary  element  of  a 
poiyyonctic  permafrost  layer;  It  is  usually  formed  either 
simuitar.n  :iisiy  with  development  Of  the  epigenettc  part 

or  afterward  and  above  It- 

The  syng.^nc'tir  rionzon  develops  by  the  periodic  dof'ositicn 
of  sediments  .ind  jrowth  of  the  layer  upward,  (differently  from 
the  develop:n-  iit  ol  an  epigenetic  layer).    In  addition,  the 
freezing  ot  so  iiT.ents  successively  included  Into  the  perma- 
frost layer  d.^velops  in  f.vn  dirii-ctiors  !j,?cause  ot  the  transter 
of  heat  into  the  frozen  l.iyer  (rorrhern  and  partially  southern 
regions)  or  becau-je  of  thi_'  tra-.';'i'r  «f  h<'ai  ih.-nu'j'i  the  •.loi;  -lur- 
faces  as  in  the  epigenetic  type  (southern  r'^jionsJ  ■   This  re- 
sults in  a  completely  different  crycK)er.o..s  strjctjral  develop- 
ment In  these  strata.    Tlie  variety  of  Uthologlcal  composition, 
the  properties  of  sedlncnts  and  conditions  ol  their  deposition, 
result  in  different  textural-gen'-tir  features  of  these  permafrost 

layers- 

Proper  toxtural-gcnotlc  features  of  syngonetic  horiions  are: 
Interlayers  In  the  form  of  extensive  sheets  (northern  alluvial 
modifications):  ice-lenses,  impregr^Uons.  and  scales 
(southern  modification.'i):  big  lenses  and  blocks  Of  burled  end 
injected  ice  (mountainous  regions) . 

Southern  and  northern  modifications  of  syngenetlc  perma- 
frost layers,  formed  In  similar  geologic  and  geomorphologlc 
conditions,  have  a  different  cryogenous  structure  because  of 
different  texturally-genetlc  ice  inclusions  and  particularly 
because  of  ice-wedges.  Syngenetlc  horitons  occur  less 
trequently  than  aptganetlc  ones.  They  reach  the  greatest 
thlekneaa  and  eontlmilty  in  the  nertharn  alluvial  platna. 

Polygenetic  Fermefrost  TVue 

The  frozen  layers  of  this  type  develop  from  both  epigenetic 
and  syngenetlc  horizons.   Polygenetic  pennafrost  layers 
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develop  accordinq  to  different  therftiGdyii.iru.:  -nr-  litions;  in 
the  same  way  their  cloment!!  art-  5ijl>Jivido-i  ir.to  northern  and 
southern  inotii(ic.3t;or.3 .    Their  dcvclopnont  is  hx"!yor.d  the 
scope  of  this  P'lJOrt-    Pclycjcnetic  perTici'lrof.t  occurs  with 
syngenetlc  less  froquer-t-y  than  with  epig-!i»-tic  lay«ft,  but 
both  occur  m  plains  and  ir.  mountAlnous  regions. 

SECONDARY  PflEKOMEKA 

Seasonal  freezing  and  permafrost  layers  are  the  two  main  types 
of  cr/c-rjenous  formations,  having  different  composition  and 
cryogifr.ojt  ssnjctur*" .    Tncre  arc  othor.  very  different  types 
that  ar-i-otr.;.any .  am;  jr?  partially  due  to,  the  existence  of 
permairost  layers.    Such  types  develop  under  the  same  thermo- 
dynamic conditions  as  the  permafrost  layers.   They  create 
secondary  elements  of  the  permafrost  cr/oqerMus  structure  or 
a  special  group  of  forms,  which  aflect  the  procesMS  Of  frMZ> 
ing  dnd  thawing  «nd  tb*  dovolopment  o(  primary  cryogernus 
structuros  during  Mpaatad  fireezinq. 

Such  accessory  cryogenous  forms  develop  in  layers  ol 
■eaaonal  freezing  and  thawing  and  iii  the  upper  hohtons  of 
th p<>nnatrost  layer  which  formerly  wore  subjected  to 
I   .  varitions  of  temperature. 

Cr/ocienous  phenomena  have  specific  aonat>  regional,  and 
loeal  features:  also,  type  and  speolet  differenc**.  Ooeur- 
ranee  of  these  phenoBMM  depends  on  the  vafletlen  of  mtural 
conditions,  pettleuleily  en  cUmte,  l^ognphy  and  Uw  siB«e> 
of  its  developaaient,  CMpoaltion.  taxtiiia,  atruotun  and 
impattlae  of  dleinMfliMiad  dapoalta ,  ate.  Hw  padods  and 
SIMM  of  thalr  davolopmant  m  dlffaraat  and  depend  on 
natural  aondltlaBB> 

The  aiOBt  fraquant  typaa  of  oyogenoua  phananana  Ineluda 
lioet  ftacuraa.  Ihaaa  pracada  the  davalopiaam  of  aiany  aac- 
ondaiy  elaawnts  of  penaaftost  atnictun  and  oausa  nany  othar 
typaa  of  etyeuanoas  phanemana  in  tba  layers  of  aaasomi 
fitaasuig  and  thawing,  whieh  ia  thair  tun  ata  pradaoasaora  of 
potteryogonoua  forms.  Frast  waofclim  takes  pUoe  whan  hori- 
aontal  oontmctlon  and  tension  davdops  In  fraealng  rock  and 
rasulta  In  bactures  of  tha  fioian  layer  and  of  underlying 
unftosan  layers. 

In  fistueas  primary  elaflMBta  of  eiyogenoua  altuelun  an 
tonaad— blind  loe-wedpaa  and  lenses.  In  HssureB  roacWng 
the  Burfacw,  saoondary  alenenta  of  cryogenous  structma  era 
fomed— ice  or  ice- soil-wedges  (special  structural  formations). 
Ice-wedges  in  their  initial  stages  are  always  upigenetic  with 
the  permafrost  layers.  In  one  case,  in  northern  regions  with  a 
severe  climate  on  alluvial  plains  and  in  river  valleys.  Ice- 
wedges  develop  concurrently  with  ayngenetlc  penaafiost.  In 
the  other  case,  in  the  rmrth  and  middle  regions  Of  the  pema- 
frost  area,  ice-wedges  are  alwayr.  f.ynchronoua— but  aiO 
asynchronous  with  eplgenetlc  pertr-alroL^t  Lny^rs. 

In  southern  pormafrost  regions.  icc-wcdLjcs  arc  formed 
either  under  th<:'  above  conditions,  or  they  .iTn  rollcs.  In 
rorth.'jrn  regions,  epivjenetic  weatjes  are  lorned  on  syr.f;er.etic 
ones  wlt.lin  the  boundaries  c!  polygeniUjc  Itozon  layers,  or 
whore  eplgenctlc  layers  form  in  taliks  un  ii'j  th<Triok,=ir-;t 
depressions.    The  micropolyyorwil  syBt.ems  of  trnst,  oi  frost- 
contraction  fissures,  result  in  the  appearance  of  systons  oi 
polygonal  bjocks,  which  affect  conditions  of  heat  and  noisture 
exchange  In  the  layer  of  seasonal  freezlni;  and  thawing.  The 
presence  of  fissures  an<l  blocks  causes  devetopmttnt  of  several 
ki:'.;1s  of  cryoyonous  phercmr-na  -    The  most  froqu.'nt  ■lu;:  SpOt- 
medallions,  stone  polygons  and  stripes  ,  small- nounds  ,  and 
parallel  beds.  etc. 

Spot- medallions ,  (fine- centered  sorted  nm^s  covered  by 
f  '-at)  ,         u?.iuaWy  fornwil  on  to;j  or  In  1*k*  boun.J.^i  iijs  of 
rmcrrjpolyynnai  bk-vcks.    The  motion  ol       tor- 3,5 tiir.:i toil  50I! 
and  its  frost  sorting  play  a  larye  p.irt  in  their  ■ieveiopnent. 
Spots  are  typical  for  the  ror.herTj  plains  and  nountain  tundra. 

Small  nounda  represent  a.-i  independent  topographic  form, 
They  also  develop  on  a  base  of  rracropolygonal  blocks  and 
cause  an  evolutionary  change  in  the  areas  ber/*een  spot- 
medallions  (transformation  of  closed  soil  systems  into  seml- 
closcd  ones)  because  of  chanyes  in  the  seasonal  freezing 
conditions.  The  first  modiacatlon  by  small  mounds  occurs 


every-Afhero.    The  second  one  accorr.panles  spot- ned.HlllonS 
In  the  zone  of  diminished  activity  (the-  south<-rn  tiuidr.^). 

Stone  polyirrons  and  stripif';  rtn-  typic-Al  ol  .'itony  pl.ain;j, 
high  mount.^in  river  vdilcys.  arid  the  /one  ol  nountain  tundra. 
They  .ire  produced  by  frost  sorting  of  gravel  and  pebbles 
containing  argillaceous  soils  in  conditions  of  frost  cracking. 

The  parallel- steps  pattern       -sual  in  the  zou<;  of  rioun- 
tainous  tundra  and  m  nountaltKius  regions.    This  rallot  Is 
cajiveJ  hy  in,5ny  prrjcesaes  dovolopiny  on  a  base  Of  the 
micropolygonal  cracking  of  soils:    Formation  of  spots,  frost 
sorting  of  soils,  and  soUfluction. 

A  separate  group  of  surface  cryogenous  phenomena  Is 
represented  by  seasonal  and  perennial  icings  ol  surface 
streams  and  ground  water.   The  icings  occur  frequently  In 
continental  regions;  In  the  zones  of  oceanic  Influence  they 
are  less  frequent  because  of  the  lowland  character  of  rivers 
and  thick  snow  cover.  Perennial  icing  is  observed  in  qoftham 
mountainous  regions  and  in  high  mountain  laglons  in  the 
southern  part  of  the  pamaftost  taantory  and  also  beyond  its 
boundaries. 

Seasor.al  and  perennial  fiost-heaving  mounds  represent  an 
independent  eryogsnous  phenomenon,  though  such  a  dassifl- 
cation  Is  soatawbat  conventional.  FWa^heawIng  MUMUtds.  aa 
wall  as  any  cryogenous  heaving .  arise  as  the  result  of  sea- 
sonal and  pemnnUl  freezing .  accompanied  by  davalepiBant  of 
■  oryeganous  siruetuia.  The  lenses  of  sagragatlon  and  liuae- 
tiOB  ioa  raprasant  prUnaiy  taxtunl««anatlc  fboss,  aHalno 
aftfaar  in  spacdfic  oondltlens  of  lapaatad  water  supfdy  and  its 
ailgration  to  the  fnesbig  awfaea.  or  In  conditions  of  hydio- 
dynasdc  water  preasure  In  a  elosad  fraaslng  tallk. 

Intarlayer  loa^lanaaa  In  beian  layers  at  dlffarsnt  depths 
are  analogous  to  tha  aiound  iama.  Meunda  with  a  water  supply 
ton  Otttslda  era  most  dairalopad  In  the  sMtuntalnoos  continen- 
tal regions  where  ground  water  flow  Is  eontlniiious.  These 
mounds  ooeur  locallyt  usually  In  the  aoutham  penaalrost 
tanttory.  Mound  formations  (heaving  araad  that  develop 
beoausa  of  dltfatanuatieA  of  the  aoU  mass  are  laost  firaquaat 
on  the  ptalna  (chiefly  in  rsglens  of  ocaanlc  Influence) .  Ihe 
mounds  are  oonnocted  with  peat-bog  deposits  and— In  eontl- 
nantal  regions— with  the  fraasiag  of  tallka  under  thanMkarst 
depressions. 

Piosteiyogenous  Jonsatiena  damlop  during  aaasonai  and 
perennial  thawing  of  disintegrated  deposits.  The  preceding 
cryogenous  phenomena  are  a  kind  that  promote  the  growth  of 
postcryogenous  forms.  The  main  postcryogcnous  phenomena 
include  thermokarst  depressions  (subsidence)  of  disintegrated 
deposits  connected  with  the  soil  densKication'-due  to  thaw- 
ing of  big  ice  masses  or  accumuiatiom  Of  segregated  loe, 
sollOuctlon,  and  slides  on  slopes. 

Thermokarst  forms,  from  thawing  ol  polygotvil  ice-wedges, 
occur  zonally:  they  include  local  systems  of  depressions  and 
polygor^al  sy  tems  ol  mojndi:.  They  occur  in  the  whole  perma- 
frost territory  and  boycnd  its  boundaries,  but  very  Irregularly. 
Thernokarst  forms,  developed  o,n  tn  ■  bise  of  local  frost- 
heavir.g.  occur  chu!fly  in  the  .■iicuatainoas  continental  regior.s 
01  thr^  southern  and  rr^icdU-  pi-rmalrost  region. 

Evolution  of  upper  perrr.alrost  layers  (caused  by  thawing  of 
structural  Ice)  results  in  several  kinds  of  postcryogenous 
phenomena:    Soil- wedges,  pseudomorphs  on  Ice-wedges , 
and  relic  polygonal  nK>_nd  topo.qraphy  of  the  '"baijarakh  type 
(hillocks  of  uniform  height  ana  rf?g  .jl«r  arrangement  ttiat  occur 
around  thermokar;:  lakes). 

Soll-wedgcs  are  formed  in  place  ol  relatively  timall  ice- 
wedges  by  soil  displacement  Of  ice  Inclusions  with  further 
dissection  ci  the  soil-wedges  by  seasonal  ice  veins  (in 
southern  permafrost  areas)  . 

The  paeudcmcrpli s  on  ice- wedqef;  are  toimed  by  Ice  thaw- 
ing arwJ  further  teplaceraent  liy  lluiri  ond  sliding  rioil. 
Subaqueous  icc  thawir.a  produces  the  enveloping  soil  textures 
in  tne  upper  parts  of  pseudomorphs . 

Relic  polygonal  (baijarakhj  topography  In  the  north  Is 
formed  m  areas  of  thick  r.yr>genetlc  per.Tiatrost  layers  including 
big  Ice- wedges.  These  forms  are  associated  with  slope  edges 
and  are  due  to  lea  thawing  and  praaaivatlen  of  polygonal  block 
remnants . 


101 

Copyrighted  matsrial 


Sohftuctlon  forms  display  certain  latitudinal  zooality  in  tiM 
northern  regions:  their  elevation  Is  typical  of  all  the  moun- 
tainrms  rcylons.    Thry  an-  most  active  In  regions  oi  ocoar.ic 
Influence  because  their  development  depends  on  soil  moisture 
eoodltlmw  anil  on  pnomnn  that  pracada  cryBgaaous  Miuctun 
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tolygonal  loa-wadgat  ooevr  la  acglUaoaoua  locka  and  paata  In 
0»  Utetie  and  aub^Hetle.  liwy  aoaiailiwa  oanalimia  man 
Iban  SOK  of  tha  uppar  30  ai  of  took,  thay  olMi  land  apaetfic 
faaiurea  to  landaeapa  and  dUplay  a  ooapUoalad  laxtuia  and 
ahapa>  whldi  lavaal  phyalcal,  atadianloal,  thanaal  and 
announdtng  ooadltlons.  and  MaUfy  of  tbair  fanwtlon. 

iMva  maaaaa  of  undafgraund  loa  kavo  baan  oonaldaiod  in 
Utaiatura  ftoia  dlfUmnt  pointa  of  vtow  iar  nora  tiian  a  oantury. 
ba^nalng  with  A.  E.  FSgliiin  (ISSSt.  Howavar.  tha  pnicaaaaa 
of  Hwlr  davatopnant  lanalnad  vagtio  and  opan  to  dlaeuaalon 
antU  IMS- 1950.  DwInB  thai*  and  latar  yaara  It  una  provad 
that  tha  donlaant  part  of  uadaigioiind  loa  aoaaoa  la  npra- 
aantad  by  polygonal  watana  of  tea-twadgaa.  fmad  baaloally 
by  napaatad  fnat  emofctng  and  ooatontatlon  of  flaaviaa  wltti 
loaCl.  2.  3]. 

ICaS-WBDGB  MORPHOLOGr  AMD  OCCUMONCB 

The  chief  masses  of  undergrouctd  Ice  occur  on  alluvial  plains 
composed  of  sllt-p«at  rlvaf  and  lake  sediments.  Ice- wedges 
usually  have  a  wedge- like  cross  section  and  are  characterized 
by  a  vertically  striped  Ice  structure.  The  Ice-wedges  reach 

their  greatest  thickness  and  vertical  dimensions  on  ancient 

all'jviol  ■j.jrfaccs,  but  they  also  occur  on  contemporary  flood 
plains  ano  low  terraces.    Ice-weckjos  join  at  right  angles  and 
form  polygonal,  chiefly  tetracjonal,  nets  of  patterned  grouod 
that  cover  great  areas  in  valleys  of  the  northern  rivers. 

LAWS  OF  TEMPERATURE  CRACKING  AND  ICE- WEDGE  CyCLE 

B.  N.  Dostovalov  determined  approximately  the  temperature 
stresses  in  a  solid  body  defined  by  horizontal  and  v  rt;-.-'; 
surfaces  and  cooled  from  above.  This  breaking  stress  (Tgi  is 
gtvaa  by 

T„  =  1/2  Q  G  X  (At/Az)  (1) 

B 

where  G  is  shear  modulus;  ft  is  coefficient  of  thormal  expan- 
sion (contr.^ctlon) ;  x  Is  distance  from  the  free  vertical  surface 
to  the  fissure  parallel  to  It;  and  At  ^^z  is  vertical  teTiperaturo 
gradient.    Equation  (1)  li:ads  to  thf?  following  conclusions: 

1  .    The  free  vertical  surioce  precJ»'terrnin<?5  l.h<;  direction  in 
which  fissures  form,  arxl  the  horr.oycnoous  solid  und<.i  this 
condition  is  brolten  by  a  system  of  para  lie.  fissure;;  into  a 
aystem  of  parallel  stripes. 

2.  Since  the  temperature  gradient  vector  is  perpendicular 
(o  Isothermal  iurfaces  and  the  latter  are  parallel  to  the  free 
horizontal  and  vortical  surfaces  ol  the  masfiit,  the  system  of 
stripes  made  by  the  system  of  parallel  lirisurcs  in  broken  by 
cross  fissures,  perpendicular  to  the  former  ones,  into  a 
aystem  of  rectartgular  prisms. 

3.  Breaking  stress  (Tg)  is  proportional  to  the  product  of 
Uitear  dimension  and  temperature  gradient;  therefore,  at  small 
gradients  the  rock  mass  breaks  Into  large  rectangles  and  then, 
when  the  cjradlentB  Increase,  these  rectangles  are  succaa* 
atvely  broken  by  fissures  of  consecutive  orders  Into  smelter 
and  smaller  bodies  (Fig.  1). 

4.  When  fissures  Join  to  form  a  base  and  a  perpendicular, 
the  base  is  formed  earlier  by  a  longer  fissure  Of  lower 
order— and  tba  parpendlcular,  by  o  shorter  fissure  of  higher 
order— cracking. 

5.  In  bataraganaoaa  fnian  rockg  with  varying  o  and  G, 
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flaauraa  must  ba  ctsvad  and  nonpamllal  to  each  other  but  the 
paipandiculailty  of  Oialr  oonjunotlon  hMda. 

6.  UHwlogloally  dlffannt  loefca  with  dlffaraat  phyalcal 
and  nwebanloal ohafsctartattca  sand 6  sutat  ba  biekan  by 
flaauraa  Into  ayatana  of  bodlaa  of  dtffaiant  dinanitooa. 

7.  Besides  two  systems  of  mutually  perpMdlOUlar  waMcal 
flaaiuoa  separating  rectangular  prisms,  tha  latlar  miflt  ba 
brokon  by  hortaontal  ttaauraa  Into  a  ayataai  of  ihoaiboldal 
bodiaa. 

Sinoa  ioa-wadgaa  graw  in  permafrost  only  when  tha  lattar 
ciacka  and  la  eaaiantad  by  Ice,  it  is  possible  to  state  tha 
following  necessary  conditions:    (a)  Temperature  fissuiaa  nuat 
penetrate  into  permafrost,   (fa)  Filling  and  cementation  of 
fissures  by  ice  must  be  possible,    (c)  Frost  cracking  and 
cementation  of  rock  by  ice  must  recur  periodically  in  the  same 
places,    (d)  The  rock  must  be  n  pullinontly  large  solid  mass, 
(e)  Processes  of  thawir>g  must  nol  be  stronger  than  the  proces- 
ses of  freezittg.    In  the  absence  of  even  one  of  these 
conditions,  utKlerground  Ice- wedges  do  not  develop. 

Frcst  Lrackirjg  beqir.s  lor  the  first  time  in  winter  on  the 
areas  (ur.i  exposi'd  (oiiowir>g  reqre.^slon  of  ponded  water  and 
thereafter  repeals  perifrdical  ly-    Ir.  spring  and  summer  a  layar 
of  sedmer.ts  is  deposited  on  the  pcjlytjons  defined  by  the 
fissures.    Durirs^  the  summer  tem.perature  rise  in  the  layer 
affected  by  seasonal  variations,  the  soil  expands  and  winter 
tension  :.i  replaced  by  summer  compression.    At  the  beginning 
o!  the  f.ext  w.nter  treei'.irig  ,  th'*  loyer  o{  summer  t.hawing  alSO 
tXH-ones  a  ror-.;;r.ix:u s  massil,  and  alter  sufficient  deoCOaaa 
in  tenperaturc,  the  layer  contracts  ana  crac',s  again. 

A  single  cracklr^J  and  fillmtj  of  fissures  by  ice  constitutaa 
an  elementary  cycle  of  ice-wedge  development,  the  latter 
balng  tho  aum  of  parledloally  fonaad  alamantaiy  valna. 
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It  IS  very  .nif:ortdnl  thai  thi-  probolii I Ity  ol  reiH-otdi  cracslny 
IS  sniailor  the  hsyher  the  oraer  of  Iissjie  yeneration-    In  rela- 
tively warm  winters  the  temperature  gradients  are  small,  and 
only  fissures  of  low  onli-r;;  an-  formed;  in  cold  wsnto::;  (with 
9rMt  relative  tcmpcratun?)  m^rumum  temperature  gradients  are 
high,  and  cracktryg  reaches  higher  orders  of  fissure  generation 
(Tig.  I).    Therefore,  the  thickness  of  ice-wedges  growing 
simultaneously,  but  formed  by  fissures  o{  a  dUferent  order  o( 
:;er.erAtion.  must  be  smaller  the  hlglMr  ft*  ordtr Of  flSMina  by 
which  they  are  formed  (Fig.  '). 

ErrECT  or  sedimentation  on  ice- wedge  development 

After  the  first  cracking  of  rock  and  cementation  of  fissures  by 
lee.  further  growth  of  an  ice-wedge  and  the  shape  of  its  cross 
section  depend  on  the  ratio  oi  the  depth  oi  cracking  (h) .  width 
of  repeated  Ussuree     .  and  tha  nta  of  Mdlmant 
accumulation  (d) . 

Let  us  consider  two  extrame  oases  iTiq.  2):    lA)  Sediments 
that  do  not  accumulate  (epigenetlc  developmenO  ,  and  (B)  sedi- 
ments that  rtc;cuinulatc  very  rapidly  (syngenetic  development* 
In  this  scheote,  lor  •implicity,  the  layer  ol  sumiMr  Uiawlno  ia 
not  consldand.  and  it  is  assumed  that  the  eioaa  nnetton  of 
the  fi ssure  Is  nctangular  and  that  civcklnv  always  ooGura 
along  the  centfol  axlal  plane  of  tlM  wedgo  id  tha  aann 
depth  (h) . 

In  case  A  (Hg.  3),  wtaon  1,  2,  3,  and  4  ara  alamamary 
voias  tormad  during  sneeoMlva  youly  eyelaa.  tha  lea-wadgn 
giows  only  m  width,  Om  latter  being  equal  to  the  sum  of  the 
widths  of  elementary  veins.  Ultiiaately  the  vain  baooeMs  a 
broad  wedge.  The  verUcal  dimenslan  of  this  wadge  is  deter- 
nUned  by  the  depth  of  cradUng.  its  length  depends  on  Oia 


lcr>c;th  of  fissures  along  the  surface,  ard  its  horizontal  thick" 
ness  (m)  is  oqu.il  to  the  sum  ol  thicknesses  of  elementary 
veins  makinrj  the  ice-wedge.    In  c^se  A  th<>  growing  Ice  veins 
wedge  the  ground  more  ar.d  more,  and  the  compressive  Stress 
increases.  The  fissuros  hrcomc  nanowar  and  narrower artd 

ultimately  wedge  growth  stops. 

In  case  3,  representing  an  ice-wed-je  growth  simultaneous 
With  rapid  accumulation  o!  sediments ,  Fig.  2B  ( ! ,  2  .  3 ,  and  4). 
shows  elemenlao'  veini  forming  dunrtg  lour  r-.JCt;(-ssivo  »Me- 
ment.iry  rrycle.i.    In  1  ig .  2,    R    15  thi-  moan  depth  of  tissures; 
c        niMn  width  of  fis-iurrs;    1    is  thickness  of  sediment 
deposited  durirK)  one  cycle,  or  the  rate  of  sedimentation;  m 
is  total  horizontal  thickrvess  of  the  ice- wedge.  Considering 
successive  cycles  (1,  2,  3. and  4)  we  see  that  growth  in 
width  of  the  ice- wedge  in  Fig.  2B  stops  after  the  third  cycle 
or  after  h/d  cycles.   This  scheme  also  shows  that  the  wedge 
grows  vertically  only.  In  cases  of  slower  te<li mentation  rataa* 
the  Unit  of  ice-wedge  thickness  increases  end  is  reached 
after  a  gnntnr  number  of  cycles:  but  in  all  cases,  if  sedimen- 
tation occurs  and  depth  of  craving  la  limited,  giowtii  of  tho 
ice- wedge  width  is  also  Uraited— tMa  It  ■  gMwnl  law. 
This  law  is  exvnsaed  fay 

m  =41  (21 
d 

where  o  -    0  and  e  la  tha  width  of  fisstue  at  the  surfkeo* 

flllnea  fiowth  of  tho  ioo-wadge  width  la  lialtnd,  tha  ombp 
praaalvn  ainas  domleplns  during  Its  9n»fth  fa  nlso  llialtad. 
Tha  alsnantaty  valna  ilaa  hlQliar  and  higher  aa  tlao  geoa  on 
and  atop  Increaalag  tha  ooopraaatva  atraaa  in  ttao  lower 
hoilnna, 
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In  (2)  all  the  Involved  magnitudes  are  assumed  to  be  con- 
stant.  In  reality  they  change  depending  on  the  variation  of 
surrounding  conditions,  but  the  chiol  conclusion  is  that  the 
Ice-wedge  thickness  (m)  Is  Inversely  proportiortal  to  the 
sedimentation  rate  id . 

The  elementary  cycle  of  ice-wedge  development  Just 
described  does  not  embrace  all  details  of  this  process  and 
does  not  explain  all  the  morphologic  features.   Thick  syn- 
genctic  ice-wedges  as  well  as  the  elementary  vertical  veins 
also  include  horizontal  layers  of  ice.   These  inclusions 
represent  elements  of  frontal  growth,  and  their  importartce 
increases  with  the  horizontal  thickness  of  the  ice-wedges- 

Stresses  arising  and  developing  with  cooling  of  frozen 
soils  produce,  in  addition  to  vertical  fissures,  horizontal 
fissures  which  apparently  pass  between  the  upper  surface  of 
the  icc-wedges  and  the  overlying  soils.    In  spring,  water  fills 
these  horizontal  cavities  and  freezes ,  formirvg  lenses  of  ice 
above  the  ice-wedges. 

Uplifted  edges  or  "wings"  of  the  layer  which  is  torn 
asunder  are  fixed  in  a  somewhat  warped  position.  This 
process  is  repeated  during  a  number  of  years  until  the  limit 
deformation  of  soil  inside  the  polygons  is  reached.  This 
forms  upward- protruding  ice-wedges  surrounded  on  the  surface 
by  small  moldings  enveloping  the  polygons.  Horizontal 
elementary  Ice  layers  included  m  the  ice-wedges  are  periodi- 
cally and  permanently  cut  by  vertical  fissures  in  which 
vertical  elementary  ice  veins  are  formed.   This  latter  process 
presses  the  layers  of  soli  in  polygons  and  results  in  still 
greater  deepening  of  their  inner  downwarpirigs.    This  down- 
warping  controls  the  bedding  of  accumulalirvg  sediments  and 
character  of  the  smooth  cuivir>g  from  the  polygon  center  to  its 
edges. 

The  polygonal  depressions  become  reservoirs  of  water  and 
bogs  covered  by  aburxlant  bog  vegetation  that  collect  silt, 
detritus  from  flood  water,  and  peat.   This  complex  accumula- 
tion of  sediments,  more  intense  inside  the  polygons  than  on 
their  edges,  fills  the  depressions  rather  quickly.  Therefore, 
the  difference  in  elevation  of  polygon  surfaces  and  their  edges 
decreases  and  finally  disappears. 

If  further  sedimentation,  after  filling  of  the  depressions  by 
silt  arxi  then  by  peat,  does  not  occur,  vertical  and  lateral 
growth  of  the  ice-wedges  is  stopped.   Therefore,  the  normal 
(one- stage)  section  of  the  »oil  block  inside  four  ice- wedges, 
whose  development  was  stopped,  is  always  closed  with  a 
layer  of  peat.   If  sedimentation  continues ,  the  plane  surface 
of  the  polygon  is  covered  by  a  layer  of  flood- plain  silt,  poor 
In  vegetation  remnants,  because  the  conditions  favoring  peat 
accumulation  have  disappeared.   This  layer  of  silt  undergoes 
the  frost  cracking  and  deformation  described  above,  and  the 
period  of  ice-wedge  development  including  the  elements  of 
frontal  growth  is  repeated. 

The  process  of  ice-wedge  development  described  is 
observed  everywhere  in  favorable  surrounding  conditions, 
though  there  are  natural  deviations  caused  by  erosion, 
thawing,  and  other  secondary  processes. 

It  is  sufficient  that  the  sedimentation,  during  some  Inter- 
vals of  time,  lags  somewhat  behind  the  upward  growth  of 
Ice-wedges  and  therefore  delays  their  further  development. 

Tor  the  continuation  of  Ice-wedge  development  it  is  neces- 
sary that  sedimentation  have  time  to  fill  the  polygon  depres- 
sions.   The  lenses  of  silt  and  peat  successively  and  regularly 
alternating  in  the  soil  blocks  between  the  ice-wedges  repre- 
sent the  development  of  the  whole  systems  in  the  conditions 
described.   Therefore,  ice- wedges  of  great  dimensions  can 
develop  only  in  flood  plains  with  well  expressed 
sedimentation. 

In  syngenetic  ice- wedge  growth  over  a  long  time,  composi- 
tion or  mechanical  properties  of  frozen  soil  and  the  temperature 
conditions  on  the  surface  determining  the  cracking  may  change. 
The  chief  factors  affecting  development  of  Ice- wedges  are 
surface  temperature  and  sedimentation. 

Analysis  as  to  how  changes  of  these  factors  influence 
development  of  ice-wedges  results  in  these  conclusions: 

Horizontal  thickness  and  growth  depend  on  the  generation 
order  of  fissures  by  which  they  are  formed  (Tigs.  1  and  3):  the 


rig.  3.    Parts  of  ico-wodges  exposed  on  the  Yana  River, 
approximately  corresponding  to  the  section  along  line  AB  In 
Fig.  1. 

number  of  fissure  orders  d*p»hdl  en  the  sharpness  of  the 
minimum  temperatures.   Therefore,  during  syrtgenetic  Ice- 
wedge  growth  In  a  cooling  climate,  the  net  of  fissures  must 
become  finer  and  finer  due  to  generation  of  fissures  of  higher 
end  higher  orders,  the  latter  being  obliged  to  arise  in  more 
and  more  elevated  horizons.   During  a  warming  of  the  climate 
this  process  reverses  (Fig.  4). 

Fig.  4  shows  schematically  the  mode  of  syr>gonetlc  ice- 
wedge  formation  in  two  colder  periods  on  a  background  of  a 
comparatively  moderate  cold  climate.    Numbers  on  the  ice- 
wedges  indicate  the  order  in  which  fissures  and  corresponding 
wedges  are  formed.    During  mild  winters  only  fissures  1  and  2 
arc  formed:  therefore,  only  wedges  1  and  2  develop.  When 
winters  get  colder,  fissures  and  corresponding  wedges  3  and  4 
arise  successively.    When  winters  get  warmer,  first  fissures 
and  wedges  4  disappear:  then  fissures  and  wedges  3,  and 
only  fissures  and  wedges  I  and  2  continue  to  develop.  Thus, 
change  of  temperature  gradients  with  time  explains  the  growth 


Fig.  4.    Schematic  growth  of  ice- wedges,  formed  in  fissures 
of  various  orders  (1-4)  depending  on  periodic  changes  of 
temperature  gradient 
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of  ice-wcdgaa  In  dlftofMit  hotttciw— all  cthw aondmmii  balng 

equal. 

Tht>  flltera'.ioris  jn  r.odlmentatlon  rate  change  the  growtli  ol 
ict^- wsdjof  ■)  ..-1  witiih  (2)  and  the  suminer compressive  strcisc? 
ir  thi'  r-ror-kir>y  soil  x35s-    W.T-n  the  rjtp  o:  Sfdincntation  (d) 
decreases,  the  widih  of  the  Tiain  ico-v.'edgas ,  formed  by  ixs- 
sures  of  the  firs;  arid  second  ordt^rs,  increases;  compressive 
stro.-i.ift?,  .:.  rh(^  lOil  -i.ri;;:;  infrcasc  flrid  the  appeflr«r»cp  of 
liSf.urt'.s  o!       :c;i*.'if;iVf  orL;i_Tr:;  t:<.-comes  r'lOre  -it  fJ.Cii'.t  the 
highur  their  order.    Cooling  n-mst  first  rollevc  ari  tokc  a'.v-ay 
the  compressive  strosscs,  and  only  thcin  can  it  create  the 
tensile  stress  necessary  for  cracnnT.    On  the  contnir/,  when 
the  sedinentatior.  rate  increases,  the  main  wedges  becone 
thinner,  the  compressive  stn^s?.  in  tho  soil  decreases,  and  the 
appcfirdncc  of  fissures  of  higher  ordi^rs  becomes  easier.  Thus, 
decrease  of  the  s*dlm«ntaUon  rat*  and  inciaaM  o(  Mmparatun 
gradient  act  upon  fha  flnmn»  and  le«-«rad9*  fliewtt  inrarMly 
to  each  other. 

Relationships  discussed  above  are  applied  to  the  exposure 
at  Mu*-Khaya  on  the  Yana  River,  represented  in  Fig.  3  and  by 
the  tliccattion  of  wedges  along  line  AB  In  Tig.  1. 

Th«  iwalllngs  of  the  first,  third,  and  fourth  wedges  (Fig.  3) 
IB  their  lower  parts  correspond  to  thinner  parts  of  the  second 
and  fifth  wedges.   In  the  middle  of  the  section,  the  first, 
third,  and  fourth  wedges  become  thinner,  while  the  second  and 
fifth  wadgat  bacoma  thicker;  finally,  in  the  upper  parts  all 
fiv*  wadgaa  aiew  thicker  and  end  at  the  same  level. 

These  correlations  of  wedge  widths  are  explained  on  the 
basis  of  the  above  discussions  as  follows: 

First,  tfalRl.  and  fourth  waduaa  in  Fig.  3  wara  fomad 
corresporMttngly  bf  fltturas  of  tha  saeond.  fowth.  and  taoond 
oidar  of  ganantiew  Thay  ti»Ma  latettvaly  naln  onaa  and  tiiair 
width  datenalnad  the  compraealva  atraas  ragloe  la  the  soil 
M«a<  Hie  Moond  wodDo  «*•■  tomad  by  ftasuraa  of  the  alxth 
order  end  the  tifdi  wedge  by  fiaeinee  of  flie  aevenih  order 
(Flg>  I.  flection  AM. 

Owing  giowrth  of  the  lower  jpett*  of  the  wedgea  the  nean 
tonpemtiira  gredlaota  ranalnad  oonatant  and  the  aedlnentetlon 
rate  decraaaed,  causing  tha  swalUnff  of  the  main  wedges  and 
aMklng  the  eppearanee  of  ffaeteee  of  hl^er  ordere  laore  diffi- 
cult due  to  the  Incieaae  of  cempraeslvo  streea.  Therafare. 
awelllnga  In  the  lower  parte  of  the  awln  wadgea  oonaapond  to 
the  thinner  pert  of  the  ieeomt  wodge  (fOnnad  by  flaauraa  of  the 
•iNft  oided  end  to  the  elawM  enttoe  ebeence  of  Hie  flfOi  wedge 
Uofmed  by  llnunt  of  the  eavemlb  oideil< 

During  giowth  In  the  ndddle  of  the  wedgee<  the  eedlmenta'* 
tlon  nte  Ineieeaed,  the  main  wedgea  beearoa  thlnnar.  the 
oOBlpiaaalve  stiesa  became  weaker,  and  at  the  same  tenpara- 
tura  gmdlants  the  possibility  of  craoklng  increased.  Therefoia. 
the  middle  of  the  second  wedge,  formed  by  fissures  of  the 
alxth  order,  became  thicker:  and  growth  and  thickening  of  tha 
fUlh  wedge,  fomed  by  fiasucea  of  the  aoventh  order,  beeane 


possible. 

During  growth  of  uppc!  parts  o!  the  wedges  the  rate  of 
acdimiTit.ition  decreased  and  the  main  wedges  became  thicker, 
incro.jsing  the  compressive  stresses.    In  this  c«.*e.  the 
second  and  fifth  wodi;es  should  become  thinner  (as  i-  their 
lower  parts)  ,  but  evidently  the  climate  became  colder  and 
te.Tipejat ute  tgradir^nt?".  incrt^ased.    This  offset  the  decrease  of 
seaimentation  tale  ani3  allowed  the  second  ar«l  fifth  wedges 
to  grow  upward  and  even  to  become  thicker. 

In  the  case  of  sufficient  decrease  of  the  sedimentation  rate 
(resulting  In  swelling  Of  the  wedges  and  greater  compression 
of  soil)  even  fissures  of  the  first  and  second  orders  evidently 
beeema  so  narrow  that  wedga  growth  actually  stops.  Since 
sediments  continue  to  aocumulata.  though  slowly,  the  lower 
surface  of  the  thewlng  layer  aeparates  from  the  upper  swfkoe 
of  the  wedges  and  the  latter  becomes  "foaall  lea." 

Sharp  Increase  of  upper  wodgo  width  Indicates  aiorBbolog- 
ically  that  Its  davalopownt  haa  ceaaed. 

CONCLUSIONS 

Underground  ice-wedges  resjlt  from  alternating  and  repeating 
conL'ary  processes:  Winter-spring  accumulation  of  Ice,  and 
of  summer-autumn  thawing.    Shape  and  texture  of  Icc-wcdges 
reveal  the  environmental  conditions  on  which  their  development 
deper>ds. 

Ice-wedges  develop  simultaneously  with  accumulation  of 

sedinents  on  alluvial  plains  under  condltloiu  Of  eovere  oold 

climate  and  thm  .snow  oovor. 

Vertical  dlnensions  of  synsjenetic  wedges  depend  on  the 
royinnc  of  scdinentation  and  on  the  thickness  of  sediments; 
therefore,  they  indic-jte  the  direction  and  character  of 
ep^lroijemc  movenents  of  the  alluvial  plain."..    Thus,  the 
thickness  and  snap-e  of  the  ice- wed'^e);  ore  important 
diagnostic  p.il,3eoclirn,3te  .3rd  yeotectonic  features. 

Having  established  that  the  thick  fossil  ice  on  the  northern 
plains  of  Siberia  is  wedye-ice  and  not  of  firm  or  glacier  origin, 
we  agree  with  A.  A.  Bunge's  conclusion  that  the  most 
important  evidence  in  favor  of  the  ancient  glacisUon  ol  Siberia 
must  be  rejeoted. 
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THEGRY  OF  THE  DEVELOPMENT  OF  FROZEN  ROCK  MASSES 


V.  A.  KUDRYAVTSEV,  Moscow  8t«t«  Unlvorttty 


Mora  than  30  yeara  ago.  M.  I.  Suaigln  put  teiward  a  thaoiy  d 
pamaffost  daaradatlon  in  whldh  pamafroat  la  ragaidad  not  aa 
•tamal  and  ataHe  but  aa  onoa  fomad  and  latar  oontlnnDiialy 
etaanglng. 

Tho  odfln  of  ponaatoct  waa  aaaoclMod  with  ellnwtle 
alwnvaa  on  tha  oaith'a  aurfaoa  In  raaponaa  to  tha  ganaml 
davalopBiant  of  tho  oaith  dining  tho  QuMomaiy  ported. 

In  paitleidar,  ftia«ln  aaaodatad  tha  eilgln  of  panaafteat 
wltbttwooldorcllBioto.  Ha  aaainwd  that  during  tho  poat- 
glaetal  portod  tho  oUaato  boesno  oontlnuoualy  wanaor  andi 
thoratofOf  Ibo  ponaaftoot  olthor  thawad  or  tha  tanpofoturo  of 
tfao  pacawfratl  looa  eontlnooualy •  Suaigln  [    oonaldorod  thia 
pcooaaa  Iba  daoraaaa  of  "cold"  atorad  in  pomaftoat  and 
ptopoaad  tlmt  It  ha  eallod  "paunaftoat  dagndatlon. " 

To  Buppart  Ma  atatowita  ftmgln  oltad  awnir  facta  Indicate 
tag  liM  xtoo  of  toatpomtun  In  uppor  toyora  of  tho  llthoaphora 
during  tho  last  portod  and  polntod  out  aotual  oaaaa  of  ponaa* 
ftoat  tfinwtag.  Mm  eutUnod  tho  following  ovldonoo  of 
panaalcoot  dagmdatlon: 

(al   GlOund  temperature  curves  having  a  teopatatura 
gradient  char>ging  its  sign  with  depth; 

(tl  a  break  between  the  seasonally  frozen  soil  layer  and 
the  permafrost  layer  that  comprises  a  layer  of  unfrosen 
strata; 

(c)  the  northward  displacement  of  the  southern  permafrost 
boundary  with  time; 

(d)  the  formation  and  development  of  thermokarst  caused 
by  the  thawing  of  underground  ice;  and 

(«)   dlscovorlos  of  fossil  cold- resistant  fauna  and  flora  in 
southern  ragttmoi  Indicating  a  ooldar  cllaMta  in  tha 
past. 

Later  permafrost  investigators  sought  n>'w  fa  t;  supporting 
Sunigin's  theory.    In  mariy  regions  the  degia^^.iuoi,  process  was 
observed  but  a  reverse  process  was  also  noted— the  arcuaula- 
tlon  of  frosen  layers  and  decrtiiai:  ol  iholr  iiTnijeroture . 

Sjcn  conflicting  data  caused  a  dispute  among  Investlgaiorai 
Contrary  to  Sumgln's  the«»-y,  S.  T.  Paiichomenko,  and 
P.  I.  Koluskov,  N.  P.  K.ii);i^ri;v  nr.ii  othura  Insisted  th.j! 
permafrost  rcsuUs  from  ccntcn:f>orary  climate.   This  dispute 
was  unresolved  until  the  post-war  period.    The  quantity  of 
field  data  c«llecteil  to  tiate  suggests  a  resolutlor.  of  the 
differences,   tsuont  i.il  dulailu  of  ;hlu  aii;jro.-ich  (ntjow. 

Perraafro-'it  develops  because  of  the  neat  exchange  between 
hthosphere  and  atmosphere;  this  Is  a  tht^imophyslcal  phe- 
nomenon.   This  heat  exrhaiige  occurs,  however.  In  a  particu- 
lar gix>lo.jic  and  geographic  r-nviton.-m.-nt .    Ponnafrost  lay<jrs 
closely  interact  with  this  environment,  and  this  Is  true  b«- 
cause  heat  exchange  between  Hthosphere  and  atmosphere 
depeixls  In  many  respects  on  the  character  of  geologic  and. 
chiefly,  geographic  conditions.   Therefore,  permafrost  must 
davalop  within  tho  gononl  dovalopmant  ol  its  geologic  and 
googmplile  onvuonaiant,  and  by  phyaleal  and  thanaodyaaalc 
laws. 

The  foregoing  statenant  outllaos  a  new  approach  to  tho 
atudyof  permafrost.  Its  formation,  and  deveiop«nant>  PteiB 
thla  vtew  permafrost  dcvolopment  is  affected  by  tha  following 
aapoeta  of  gaologlc  and  geographic  environment: 

(a)  OhBiMtorOfgonoral  geologic  structures— bedding, 
atruoturot  and  toxturo  of  locka.  and  tholr  thermal 
oonditiona  with  daplh. 

(b)  Nootoofonlo  anvoaionta  and  gonacnl  pfogioai  of  nek 
tanaatlon'-tha  ganotic  pmcoaaoa  of  ■odiiaoHiatfon  and 
erosion  * 

riooaaaaa  in  lock  awaooa-dlaigaBaflia,  aN»-  and  ando- 
thamal  pioaaaooo<  and  unaatharlDg. 
(4  Pioooaooa  of  amtttHra  an^nga  botwaan  Ulhoaphon 
ond  atBioaphom,  ehaiaetar  of  hydrogaolaglc  atnietuna. 
and  eiiealation,  raglaio,  and  ehaailcal  conpoaltlon  of 
undaigiound  trntara* 


fit  GaoBWtphelogleal  davotopnant  and  etiiar  aurfaoa 
pncaaaaa— ineludlag  tDpognpblo  fonaatlen,  aurfaoa 
wotar  activity,  and  InOnoww  of  vagolotion,  aoUa. 
cUaiote.  and  awn'a  aoonaoilc  activity* 
Pamafioat  layan  dlffar  gnatly  In  thMcnaaa.  ooanpoaltlon, 
oeeunanea.  and  continuity  of  axlalaneo.  flaaionally  bsion 
aolla  amat  for  aavanl  daya  or  anotha:  thick  pannateat  layata 
aodat  for  goologle  Intaivala  of  tliaa.  One  canant  atudy  them 
In  010  aaaie  awnnar.  tat  tonoial  Iowa  of  dovolopmont  apply 
In  bath  eaooa.  Tharafora.  our  olai  la  to  oataMlab  gonenl  lawa 
of  panaabeot  f onnatton  and  dovolopaioflt  and  apaelfle  lawa  tar 
liMao  two  klnda  of  ftenan  amia. 

Ifaara  la  a  awikad  dlffaranca  in  their  davelopment.  Dor 
emaipla.  the  influence  of  nlemoUef  or  swamps  on  focnatlon 
of  thick  panaaboat  toyora  la  InalgnlCleant  a  a  tho  Infliianoo  of 
geologic  ttruetuioa  at  great  da^a  and  of  geothomial  gndlont 
on  tiie  depth  of  aaaaonal  fraoBlng  and  thawing  of  aolla.  1hafe> 
fore.  It  la  naooaaaiy  to  outUna  tha  foeiora  datanainiiig  tho 
doveloputent  of  known  kinds  of  froten  strata  end  to  atudy  then 
oarafully. 

A  clear  concept  of  the  time  rale  of  the  thermophy  steal 
procesaes  la  very  laiportant.  For  example ,  the  temperature  of 
(rosen  etxata  at  a  depth  of  10  to  20  m  is  frequently  studied  and 
related  to  the  age  of  the  surface  relief  and  of  the  rocks  them- 
selves, while  the  temperature  regime  at  these  depths  depends 
on  contemporary  processes  not  older  than  two  to  three 
decades.   There  are  fri»quent  efforts  to  determine  the  thickness 
of  p<-ma!rfi5t  layers  -h'-lr  temperature  at  a  depth  of  10  to 

20  m  and  the  temperature  gradient,  while  the  thermal  inertia 
o:  tn  jiic  two  chassctortatlco  dllfora  by  aovanl orders  of 

iTiti-i  n.  tu  Je . 

One  canrvot  analyze  and  compare  the  thicknesses  of  frozen 
strata  without  consider. n.j  their  compo&ltion  and  Ice  content. 
Thus,  when  petmoiK)%t  dtivi-lopment  Is  analyzed  In  relation  to 
certain  geologic  or  geographic  processes,  a  clear  concept  of 
tho  relation  ship  of  the  rate  Of  iheee  prDcoaaea  to  lata  of  hoot 

exchange  is  necessary. 

Factors  that  deternir.e  permafrost  development  change  with 
time  and  at  diffrriTit  rates.    lot  example,  regional  geologic 
Structures  .^re  practically  unchanged  dunny  the  entire  exist- 
ence ol  p«rmafrtj St .    Their  influence  is  constant-    This  Is  also 
true  of  geotherr:ial  gradient  and  hydro.geolojic  structures  at 
great  depths  and  so  on.    However,  geographic  processes  on 
the  earth's  ."luirace  and  even  geotectorUc  movements  and 
sedimentation  develop  rflp:d;y  enough  to  influence  the 
dovolopmont  of  thick  permafrost  layers. 

All  externa!  processes  that  char/jc  the  conditions  on  the 
earth's  surface  are  rapid  enough  to  essi  rtiaiiy  determine 
variations  of  heat  exchattge  between  llthosphere  and  atmos- 
phere. Mo;;t  internal  pfoooiaoa  in  tha  aorloa  of  atiata  dovolep 
much  more  slowly. 

Relative  to  heat  exchange  all  procesaes  which  alter  the 
earth's  surface,  i.e. .  which  change  boundary  oonditiona  on 
the  upper  surfhca  of  tho  pofBMiieat  toyor.  aiay  bo  divided  into 
three  main  groups: 

(a)   Processes  causing  periodic  fluctuations  of  the  heat 

exchange  of  rocks,  with  the  earth's  surface  unalterod: 
(fe)  PiDcossos  causing  monotonic  alteration  of  heat 
exchange  which  either  loeraaae  or  decroaao  rook 
temperatura,  with  tho  oorlh*a  aurfaet  unaltasad;  and 
The  hrat  two  pRwaaaoa  cenUiwd  iMlh  aadliniBlatinn 
and  emalon. 

Principles  of  fMaan  ground  formatiozi  in  these  tbrae  oaaaa 
dlfiar;  in  on  actnal  case,  took  davelopaiont  and  tho  mtotod 
tonpomturo  Hold  depend  on  the  ratoa  of  thoao  praeoaaoa. 
Niriodle  altontion  of  heat  exchange  looda  to  fonaatlen  of 
fieaan  toyora  and  their  tanpoiatuto  flefda,  depending  on  tkaaa 
paxaawtara:  Mean  loek  tonponturo  during  the  period  of  taai- 
peiatun  oadltotlon;  towipaimtino  anpUtuda  on  tho  upper  aui^ 
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tac  o  o!  thr'  pcfmlioat  layar,  and  th*  ptdod  oi  ttw  taouMmtura 

oscillations. 

Observed  and  established  heat  exchar>.-3e  fluctuations,  de- 
peridiry;  or.  different  causes,  are  very  numerous.    These  oscil- 
lations penetrate  to  different  depths  dependir/j  on  their 
periods.    Thi;y  have  continuously  changed  the  th>ckn«st. 
composition,  and  temperature  regime  o!  frozen  layers  bolh 
near  the  earth's  surface  and  at  different  depths. 

Whim  fluclufllion  ol  heat  exchange  m  rocks  is  mor:  -.cr.ic 
(neotectoruc  processps,  marine  transgressions  and  regres- 
sions, glaclatlon  and  ity  boundary  charvges.  etc.),  laws  of 
permafrost  formation  sometlines  differ  from  those  with  frequent 
thermal  oscillations.    Monotonlc  change  recedes  to  very  slow 
oscillations  over  a  very  long  period.   The  rate  of  change  of 
the  tamperstura  field  and  permafrost  thickness  variations  then 
dep«nd  on  th«  rata  of  change  of  the  upper  boundary  conditions. 

At  a  sudden  change  In  the  heat  transfer  in  rocks  In  one 
direction  (draining  of  reservoirs,  cutting  of  forests,  extensive 
plowing,  etc.),  the  laws  of  permafrost  development  differ 
sharply  from  those  with  periodic  oscillations  of  heat  exchange. 
Hare  the  dynamic  balance  between  temperature  field  and 
puMfrost  thickness  is  sharply  dJsturbMl,  and  the  latter  fa«- 
Olna  to  change  In  accordance  with  aem  uppar  boundary  condl- 
tlmia.  Usually  this  procass  davelops  very  rapidly  In  eonpail- 
aon  with  tempereture  and  ponaafrost  thicknaaa  ehanpaa 
connected  with  long  flvetuattnp  haat  axohangas  in  rocks  near 
the  surface.  Por  aKanpla,  a  fmsan  layar  Vt  m  thick  may  take 
iO.OOO  yaars  durino  long  periodic  oseillatlona  and  taka  700 
yaara  vrttt  a  aiiddan  change  of  thermal  conditions.  Tba  aana 
applies  10  the  tenpentiwa  fields  of  froaan  layafs. 

With  pailodle  heat  macbam*  vaitatlons.  the  thlekness  <a  a 
pamafroat  layar  dapanda  alao  on  ooaipoalUon.  paittoularly 
en  water  and  lea  centant<  ^anaafroat  thlefcnaaa  la  alwaya 
amaUer  In  watacaatmtad.  dlaimagmtad  loeka  than  in  dry 
igneous  mckS'  At  sudden  altaratlao  of  haat  aMchauB*  in  leefcs 
near  the  earth's  aurfaee.  the  composition  and  water  content 
of  roefca  are  teas  important  and  owdlfy  pannafiaat  thleknaaa 
only  through  the  coefftclant  of  thanaal  oonduetlvtty. 

ft  Is  also  hspoitaiiit  In  paclodle  heat  exelMage  In  toska 
near  the  earth's  twftoa  that  pUnelplaa  of  danping  of  eacll- 
lattena  wldi  depth  wlU  datsradna  the  distribution  of  Ice  with 
depth  in  aplgainallc  parmfmat.  Maxtnum  tea  content  (wMeh 
decreases  with  depOl  is  associated  with  the  ui>per  hortsons 
of  the  permafrost.    Numerous  examples  support  this.  With 
sudden  variations  in  heat  exchange,  such  a  regular  Ice  distri- 
bution is  absent.   Thus,  iir,  ir-.crease  of  ice  contiint  with  dopth 
IS  observed  If,  diirir.'j  Irnu/.ir.y ,  sufficient  water  is  supplied  to 
the  frrintai  surface  o!  frcczir-s.  Ffoealno  tato  deciBaaas  aa 

the  freezing  front  descends. 

Accumulation  of  sedmenl.s  and  erosion  Tiay  substantially 
alter  the  temperature  ;;i'ld  and  pi;rma!tout  thlckner.r.  only  when 
the  tnU:  ol  these  procei.io;;  ami  their  continuity  .5r<.-  c-o:nmen- 
suratc  with  thi-  period  o'.  heat  exchange  on  the  earth's  surface 
Therefore,  the  processes  of  sedimentation  and  erosion  are 
more  important  in  far  northern  regions  where  permafrost  is 
several  hundred  thousand  years  old  and  of  qreat  t.hlcicness. 

The  chief  .sp<!cific  feature.i  of  perrp.afrosi  layers  associated 
with  sedimentation  are  the  syngiMietic  character  of  their  forma- 
tion and  the  resulting  texture  and  stpjctur?.    The  process  of 
either  ircrc^r^c  or  decrease  ol  heat  stored  m  the  permafrost 
layers,  .  the  process  called  by  SuT,gin  'degradation"  or 

"aoT r."! 3it;o."    3:  permafrost,  is  a  ver/  complicated  process  of 
heat  content  variations  in  the  upper  layers  ol  the  Utho.sphere , 
This  process  Is  further  complicat'.-il  by  the  •.;up«'!rpn:iition  ol 
all  the  processes  dcvelop;r»3  in  the  pemafrost  itself  and  m 
underlying  roc^r     "hcreforo,  the  very  compl.:?x  character  of 
permafrost  formation  is  evident,  even  without  considering 
Other  aspects  of  this  pherK>merK>n. 

It  Is  natural  that  ever/  char/ge  of  geographic  or  geologic 
conditions  either  incn.'a'ies  cn  decreases  hi.'dl  content  m 
upper  layers  ol  the  .ithosphure.    Many  ol  these  changes  occur 
simultaneously.    They  combine  and  are  mutually  supefllBpOSed, 
and  we  can  observe  only  their  general  total  effect. 

The  contempofary  view  of  permafrost  development,  which 
differs  from  Sumgin's  theory  of  peratafrost  degradation,  con- 


siders that  several  permafrost  degradation  and  aggradation 
processes  develop  sirr.ultaneously  at  the  same  point  on  the 
earth's  surface.    Therefore,  one  may  not  speak  of  permafrost 
aggradation  or  degradation  abstractly,  since  neither  degrada- 
ti  It  r  :r  iggradatlon  of  permafrost  can  exist  separately.  Whan 
the  many  proccss<ts  arc  analyzed,  they  can  bo  divided  into 
short,  medium,  and  long-period  changes  of  |>ennafiost  layers. 

The  development  of  perrr.afrost  degradation  and  aggradation 
trends  should  be  considered  in  relation  to  a  definite  period  of 
time.    If  permafrost  is  dogradlng.  it  is  neces.sary  to  state  for 
what  moment  of  time  the  heat  content  ol  the  frozen  leyaCB  iB 
taken  (or  comparison  with  thair  present  conditions. 

The  results  of  such  a  correlation  differ  if  contemporary 
conditions  are  compared  with  those  of  100,  1000,  and  10,000 
years  ago.    Tor  example.  In  considering  the  postglacial 
period.  It  is  evident  that  the  present  heat  content  in  frozen 
layers  Is  greater  than  before  the  Holotene  epoch.    But  the 
middle  of  the  Holocene  was  cliatacterlzed  by  a  thermal  maxi- 
mum during  which  the  heat  eoniant  of  rocks  was  greater  than 
It  Is  at  present.   Therefore,  permafrost  layers  now  degrade  in 
comparison  with  the  pre- Holocene  conditions;  but,  on  the 
other  hand,  have  aggreded  during  the  last  3000  to  SOOO  years. 

Thus,  in  the  west  ftboflan  plain  there  are  actually  two 
layers  oi  permafrost  separated  by  unfrozen  interlayacs.  It  la 
evident  that  the  lower  frozen  layer  Is  related  to  heat  ttMChanga 
In  looka  during  the  Upfier  Quaternary,  mrhlle  the  upper  panna- 
beat  layar  la  the  result  of  rook  freezing  after  the  tfaennal 
BkaxUmuii  This  theoiy  la  well  supported  toy  studies  ualng 
calculations  and  the  hydiolntagrator  (hydraulic  analog 
conputai)* 

At  the  aana  tlne«  a  SOO-year  teaqNmrtwe  itse  ta  eatah- 
Uaihad  for  thia  raglon  oaualng  a  short*  parted  dagndatloa  of 
panuilkB8t»  Due  to  this  pioceaa  tampeiataia  eunma  in  ponaao 
fmst.  having  no  gradient  at  SO  w  100  ■  daptha  and  man.  m 
observed  In  a  large  part  of  the  western  ttbetlan  plain. 

Pennafrost  in  this  region  is  characterized  by  another 
interesting  feature.  During  the  Salamal  and  Karguln  marine 
transgressions,  this  temtoiy  was  covered  by  water.  Perma- 
frost could  not  develop  or  exist  for  a  long  time:  it  could 
develop  here  only  after  sea  regression.   Thus,  a  probable  age 
of  the  permafrost  is  defined.   Pennafrost  beds  have  different 
thicknesses:  380  m.  200  m,  and  60  to  20  m.  Considering 
these  thicknesses,  one  can  draw  conclusions  about  the  limits 
of  marine  tran.sgres.'jions  and  ingresslons.    Permatiost  tem- 
perature variations  (as  well  as  permafrost  composition  and 
t .'-K n r, r .5 £)  crmr  if  rj :  ir'^rj'.  ^'^pths  more  slowly  than  on  the 
earth  s  suriace.    '.Vuh  gren;  permafrost  thicknesses  this 
tlmelag  is  tens  and  hundred.s  01  thou.sands  ol  years, 

Experimental  models  ol  lnhosphere  ireezing  to  show  oscil- 
lations of  heat  exchange  (calcvilated  lor  a  period  of  150,000 
years)  on  the  western  Siberian  plain  were  studied  at  Moscow 
University.    The  models  showed  that  during  this  p.3riod  the 
llthoaphere  can  freeze  from  120  to  2  50  m  deep,  depending  on 
the  composition  and  water  content  of  rocks.    The  absolute  age 
of  these  rocks  using  the  loruum  method  wos  calculated  to  be 
about  280,000  years. 

Thus,  permafrost  layers  are  eplgcnetic  as  proved  by  their 
structure.    Permafrost  layers  m  this  region  were  as  thick  as 
JO'j  m,  then  age  being  about  3UU,00U  to  4UU,UUn  years,  i.e., 
rinre  thon  holl  o:  the  Qu.iternary  period.   Tlierefore,  m  this 
region,  syngenetic  permafrost  layers  aro  possible.    The  occur- 
rence In  the  e.xtreme  North  of  p^mafrrjst  layers  having  still 
greater  t.iicknesses  (600  to  700  m)  indicates  that  they  have 
exi  sted  tor  a  loogar  ttnOf  prabably  during  the  entire  Quaternary 

period  - 

Thus,  van.^tions  o:  heat  exchange  on  the  earth's  surface  at 
the  same  time  and  -it  Ihi;  same  place  with  different  periods, 
penetrote  to  dlllerent  dttpths.    I'or  exan'.ple.  upper  horizons 
of  permafrost  layers  may  reveal  a  short-perioc)  degrodatlon 
while  the  lower  horizons  may  undergo  a  long- period  aggrada- 
tion.   Therefore,  several  degradation  and  aggradation  trends 
of  permafrost  development  e,\i3t  at  the  sarr.e  place  at  the  same 
time,  alternating  with  depth.    The  examples  show  how  com- 
plex permafrost  development  is;  it  is  impossible  to  consider 
the  degradation  and  aggradation  of  permafrost  without  oon- 
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■Jd«riiig  tinw.  spae«.  and  th*  ctanetw  of  th*  mcdiiin  whM* 
tlMM  procASMS  occur. 

Sunaln,  In  suggesUng  Um  theory  of  pamafrost  degradaUOd, 
cOMldered  definite  oondltlona.  Ha  aonpatad  the  contenporary 
conditions  of  permafrost  layers  wttt  ttosa  during  the  test 
peiiod  of  glaclauon.  In  such  a  case  permafrost  degradation  is 
quit*  avldant,  but  this  ptoeaas  is  considerably  compltcatad  by 
tba  supaiposltlon  of  many  other  aggradation  and  degradation 
fadors.  It  is  natural  that  2S  and  even  IS  years  ago  this 
question  eould  not  be  oonsldwad  so  nuch  in  detail,  and  25 
yaara  li«ne*<  Its  praaam  traatnant  wtU  be  insufficient.  This 
doas  not  awan  that  Sungln'a  thaoiy  o(  permafiost  degradation 
is  meng  or  ebaolata,  and  must  ba  abandenad.  In  his  history 
he  consldared  a  oontinuoua  davalopmant  of  panaafirost.  Tha 
next  step  in  working  out  the  history  of  parnafiost  davalopnwat 
was  based  on  this  theory.  When  Uie  history  of  tha  develop- 


ment of  permafrost  was  studied  in  a  new  and  wider  contexti 
the  issue  concerning  signs  of  permafrost  degradation  was 
corrcsspondlngly  revised. 

Pemafrost  developmont  is  closely  related  to  geologic  and 
palaegaogiaphie  davolepDwnt  of  the  region  considered  and 
rapresents  a  part  of  the  general  history  of  this  region's  da* 
velopment  in  the  Quaterriary  paitod.  Any  permafioat  Study 
must  acknowledge  such  ratatlOBAlps.  It  is  also  nacasaaty 
to  woffc  Horn  tows  of  tharawdynaialea  and  physics  and  to 
lalata  pannafioat  davatopownt  to  actual  oondttlona  of  tha 
ragson  In  quaatlon. 


[l]  M.  I.  Suiagtn.  Vechnaya  merslota  v  cfedetokh  SSSR. 
Moaeow.  Akad.  Sol.  USSR,  1327. 


UNDERGROUND  ICE 


p.  A.  SBUMSny.  Intardepaitmantal  Goauniaalon  far  AMaiotte  Rasaaiefa.  Moaoow 
I.  VmiRIN,  V.  A.  Obruchav  Panaalioat  Maaaareh  taatltuta.  Moooow 


lo*  eeeufzlnv  in      earth's  crust  is  called  "underground  ice," 
regardless  of  the  spedfle  features  of  its  origin  of  forms  Of 
bedding.  loe  occurs  only  In  the  very  upper  horlsons  of  the 
Uthosphava.  Iba  total  volume  of  underground  ice  is  roughly 
estimated  as  0.2  to  O.S  mlUion  cu  km,  or  less  than  1%  of  the 
ice  volume  of  the  earth;  nevertheless.  In  some  places  it  Is 
the  chief  component  of  the  Uthosphere.   There  are  regions  In 
northern  Asia  arvd  America  in  which  the  upper  port  of  the  rock 
strata  20  to  30  m  thick  contains  SO  to  80%  jco.   The  history  of 
the  I nvostlsatlons  Into  lanjc  icc  nasscs  may  be  subdivided 
into  three  stages  forming  a  peculiar  "closed  circle." 

The  first  information  concerning  Lindertjrour.d  ice  was 
obtained  in  Siberia  during  the  Great  North  Expedition  by 
P.  Lasslnlus  In  1  735  and  Kh.  P.  Laptev  ir.  17  39.    The  origin 
of  the  theory  of  t.S«  formation  of  ico-wf-dyuy  is  connected  with 
A.  Yf.  Figurtn  (1B23)  ,  .■.■-.n  iir  ,t   i  'scrllx?:)  correctly  the  dis- 
trlbuUon  of  Ifie  most  licquciil  I/M'  o!  undorjrour.d  icc  and 
indicated  Its  development  In  frost  fissures  ir.  past  ar.d  present 
periods.   This  theory  was  supported  by  I.  A.  Lopatin  at>d 
A.  A.  Bu:>Te.    Bunqje  observed  the  contemporary  processes  of 
Ice- wedge  formation  In  the  frost  tlsSLites.    He  was  also  the 
fir.1t  to  e.stablish  the  genetic  connection  of  polygorwl  relief 
with  (he  dijvrlopmont  of  ice-wedges  and  their  occurrence  in 
the  vast  areas  of  tundra. 

The  srcw- cjlacial  hypothesis  of  underground  ice  origin 
was  sijcgested  by  E.  Toll  and  developed  by  K.  T.  Vollosovlcbt 
I.  P.  Tolmachev,  ar.d  A.  A.  Grigoriev.    Lator  they  were 
supported  by  .•:uch  invuytigator?  as  V.  A.  Obruchov, 
M.  M.  Ycrmol.^ycv ,  M.  I.  Sunam,  and  V.  N.  Saks.    At  the 
L-jmo  time  other  hypotheses  developed:    Of  lake  icc 
(A.  Maddren)  ,  of  buried  river  ice  ar.d  aufeis  (A.  I.  Gusev  and 
othersj  .  of  sea  ice  (A.  I.  Demer.tyev  and  others).    Henoa«  tha 
problem  of  the  genesis  of  the  mc.it  frequent  type  of 
Ultderground  ice  became  more  complieateii. 

During  the  period  of  the  domirjrce  of  the  snow-ulacial 
hypothesis,  most  investiijators  did  net  derry  the  possibility  of 
ice-wedge  formation.    Only  the  effort  to  explain  the  origin  of 
big  underground  Ice  masses  In  such  a  way  was  rejected. 
During  this  period  the  wedge  origin  of  the  dominant  part  Of 
underground  Ice  was  supported  in  its  entirety  only  by 
E.  Leffingwell.   The  circle  was  closed  with  the  appearance 
of  die  syngenetlc  theory  of  ice-wedge  formation.   The  theory 
was  suggested  by  the  work  of  G.  Steche  arvd  V.  Zorgel  and  was 
ultimately  formulated  by  G.  Galwitz  and  indepet>dently  by 
A.  Popov.  This  theory  explained  the  development  mechanism 
of  loa-wedges  of  any  dimension.    Further  development  of  the 
theory  was  obtained  by  special  investigations  carried  out  In 
the  Potmiirost  Research  Institute  (Aca  i<  my  of  Sciences.  USSR) 
under  P.  A.  Shumskly  beginning  in  1930.  The  theory  of  frost 


Fig.  I.  ClasalUcBtlon of  ondetgiouiMlloa 


cracking  and  its  appllcatlon.i  to  thct  th.cory  o!  wedge  ice  dc- 
velopmerii  wa.s  successfully  workeii  o.jt  by  B.  N.  Dostov.ilov. 
Numerout!  ti-gion.il  investiyators  in  the  USSR  (K-  A.  Shumskly, 
B.  I.  Vtyurin.  E.  M.  Tatasonov.  N.  F-  Gmjoriev.  and  others) 
and  In  Alaska  and  Canada  (R.  F    Black.  D,  M  Hopkins, 
R.  P.  Sharp,  A.  L.  Washburn,  and  others)  contributed  to  the 
theory  of  the  wedge  ortgtn Of  taiva  undatviQund-loa 

accumulations , 

Oue-itior.s  conr-err-iny  the  study  of  the  structure- forming 
proce.s-i  (.-legreiiation  or  injection)  of  Ice  have  their  own 
history.    !r  recent  ye.3rs.  attention  has  shifted  from  ice  segre- 
gation mechanism  and  water  migration,  to  the  study  of  the 
cryogenous  structure  of  disintegrated  deposits.    Hence,  the 
"frost- fades"  method  of  the  study  of  permafrost  was  success- 
fully developed  In  the  USSR  by  E.  M.  Katasanov,  N.  N. 
ltomanov?;ky  and  others.  The  mechanism  of  the  formation 
of  lc<  :i;    .  iions  In  frcuzirtg  soils  was  worked  out  earlier 
byl.  A.  liopatin,  B.  Kbagbomov.  S.  Taber.  G.  Beskow: 
cmrrently.  by  A.  M.  PchoUntsav,  F.  G.  BakuUn,  and  others. 
Present  investigators  pay  mora  attenuon  to  inlactad  loa  which 
u  definite  condtuons  oan  also  foan  vaai  layara  (■>  !•  Vtyurtn, 
Sb.  Sh.  Gassanov). 
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rig.  2.    Schematic  nap  o(  the  distribution  of  inlactlon  ice:    (I)  Arctic  zone,  frost-heavlnc;  mounds  are  rare:  (2)  Region  of 
perennial  (rarely  seasonati  frost-heaving  mounds,  chiefly  on  freezing  sublake  tallks;  (3)  Reijion  of  perennial  and  seasonal 
heaving  mounds  on  spring  outlets;  (4)  Regions  of  separate  single  heaving  mounds  on  spring  outlets  beyond  the  permafrost 
terrttonr;  (S)  Group  of  perennial  heaving  mounds;  (6)  Single  perennial  heavlnB  mound:  (7)  Group  of  iMaonAl  heaving  mounds; 
(8)  Single  seasonal  heaving  mound;  (9)  Southern  boundary  of  penuftoft;  (10)  BoundailM  of  ragleaa:  ilO  aUt  ot  anelMit 
Iniootlon  lee:  (12)  Suppoaed  aiUs  of  ancient  Injection  Ico 


CLASSiriCATlON  OF  UNDERGROUND  ICE 

Vertous  classifications  exist  that  are  oonetnicted  on  differont 
pflnelples  and  generalize  more  or  leu  valid  ooneepts  of  the 
netiire  of  underground  ice. 

A  genetle  eiaaalflcatloa  wei  tuggetted  by  P.  A.  Shumekly. 
Aaong  the  ptofioena  of  underground  ice  devolopMM.  he 
diettnaulilMa  three  basic  gnupa  that  produce  iline  oomspond- 
Ing  types  of  leat  (I)  Ftaaiiag  of  wet  sediment  cteatos  consti- 
tutional loai  (3)  filling  up  of  the  eavltlas  in  frozen  rocks 
results  In  the  tenstlon  of  cave-wedge  loe:  (3)  burying  of 
surlhea  fee  by  sedlneou  producos  burled  loe.  These  ttirea 
types  ars  dlvidad  into  subtypos  and  spacios  (Fig.  1).  Iba 
tnJeetiOB  tea  and  the  tnia  wedge  ioa— ttsually— and  lha  cava 
iea»always—ara  eplgeaetic  (thay  develop  Inside  the  aneleslng 
rocks  after  the  latter  is  formed) .  Buxlad  loe  Is  always  syn- 
ganatie  (famed  sfsndtaiiaously  with  the  enclosing  rodts  and 
bafna  the  ovaftylng  rodcd .  The  aegrsgatlonal  loe  and 
rapaBtad>wadga  loa  are  both  aplgaaalie  and  synfanatie.  Any 
typa  of  lea  any  be  eeataapetary  or  a  fbssil  of  any  aga. 

tea  cement  la  the  most  widely  distributed  and  the  least 


studied  ice  type  in  permafrott.  Depending  on  the  dagra«  of 
saturation,  four  types  of  ice  cement  are  distinguished:  (1) 
Contact  cement  that  Is  located  only  at  contacts  of  the  mineral 
particles:  (2)  film  cement  that  fuUy  envelops  the  surfiee  of 
partlclea  but  leaves  conalderable  amounts  of  the  pores  un- 
filled: (3)  pore  cement  that  fills  the  pores  enUrely;  (4)  basal 
oanant  that  toms  the  isala  rock  mass  in  nrhlcfa  saparatad 
ailnatal  parUdas  are  aubnerged. 

lee-cementad  rock  forms  the  massive  ciyogaiwis  rock 
struotun.  Comspondiog  with  the  four  types  of  lee- 
eeBwnled  neks  are  these  spades  of  cfyoganous  sttuoturat 
Oontaet-maaslve,  film-massive,  pore-nasslve.  and 
basal-massive. 

Seoregauonal  ice  represents  tfaa  rastdt  of  lha  oystalUxa- 
tlooal  dlffsMtttiation  taking  place  during  the  freaslng  of  w«t 
sadlmeiits.  aocompanied  by  water  mlgratieo  to  the  lea  front. 
SsgiagatteMl  loa  Is  an  intanwdiata  ica-oaaaait  type  of  undar- 
gteiind  lea.  Iha  naelfle  faatnra  of  iMs  type  is  that  its  for- 
natiea  is  aaaeeiatad  with  eonBtderabie  soil  ftest-hoavfng.  and 
its  thawing  produces  grsat  soil  sattlemont.  Ssgragatioiial  lea 
may  develop  both  iaslda  the  ftaaslag  rocks  and  co  their  sur- 
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face.    In  the  latter  case  It  is  represented  by  Ice  sfllorescsnco. 
arir.irig  t>?ca  jse  of  th«  freezing  of  watei  and  nugiatlon  to  tlie 
sucMco    Th<  y  are  cslM  "im- •talks."  "wplkr  fOm  tea." 
"ice  grass,  "  etc- 

Inside  freezing  sediments  segregatlonal  tee  forms  lea 
Inclusions  of  different  shapes  and  orientation.  Parallel-to- 
thc^surface  orientation  is  dominant.    Dimensions,  shape, 
and  situation  of  ice  inclusions  determine  the  character  of  the 
ciyoffenous  structure  of  frozen  rock.    Two  basic  Ice- Inclusion 
Structures  are  lamellar  and  cellular  or  latticed  typas.  Tbay 
are  subdivided  into  lamellar- cellular.  oeUulai-laoMllar, 
partly  taaallar,  partly  caUular.  Mo. 

8agi«gatiaMl  tea  la  Haually  tun,  hma  alaoit  i»  adalxtuna; 
Its  danalty  la  naar  that  of  purs  lea.  9lia  teNtun  of  aavfaQa* 
tmml  lee  la  as  vailad  as  tha  eondlttons  of  its  tanaaUoa  and 
Is.  avldantly.  ralalad  to  the  chametar  ef  Hw  oyieganous 
struetuiB.  Hypldiomorphous  granular  tSHtwas  Cwtft  mtm  er 
less  disUnct  predomiance  of  tha  Mala  eiyslal  Bxas 
perpendicular  to  the  plana  of  tha  iBoleslBiii  am  tha  anst 
fraquent. 

IniecUon  ice  is  (ormad  whan  watar  Intradas  undar  leek 
layers.  It  bads  in  larger  isassss  than  does  the  searagatien 

ice.   Sometlraes  it  forms  great  sill  beds  savaral  maters  thick 

and  hundreds  of  meters  long:  nevertheless.  Its  part  in  the 
underground  Ice  mass  is  quantitatively  much  smaller  than  that 
of  Ice  c'-munt  cr  segregatlonal  Ice.  This  is  due  to  the  sporadic 

occurrence  of  Injection  Ico  only  under  peculiar  conditions  in 
the  layers  of  seasonal  freezing  and  thawirvg.  or  nesr  the  uppar 
bourid'fv  of  the  fH>nnafrost  layer;  in  exceptional  c«-,v»  It 
OC'  i:'-.  ii  ■  .It'i-ili       -.fvf'ral  meters. 

AccuiJing  to  conditions  of  formation,  the  loUowing  types  0( 
Injection  Ice  may  be  distinguished: 

1 .  Sea sonal  typas  form  on  the  outlets  of  springs  la  senss 
of  aaasonaiiy  fiosan  sieunds,  in  closad^systsM  ftaaslng  of  the 
seasonally  thawing  layer,  and  in  above  permafrost  underground 
Stream  freezing. 

2.  Farannlal  typas  fens  on  tha  otjtlats  of  undarpennafiDst 
watnra.  tn  eloaad  suUaka  flraasloo  of  tallks  (thawad  Moail , 
and  In  wMarbawlna  hoilaon  firaaslno  during  a  daap  pilaaiy 
aplganatle  freaslng  of  rocks.  Many  Intanaadiate  typas  of 
Injection  ice  can  be  observed. 

Injection  ice  differs  from  other  undeigiound  Ice  types  not 
only  by  the  peculiar  ctondiiions  oi  bedding  and  the  shape  Of  - 
Ice  bodies,  but  also  by  specific  structural  and  textural 
features.    It  is  comparatively  pjre  and  has  t.^e  largest  grains 
of  all  underground  ice  species.    Maximum  observed  diameter 

!  .rpction  of  ice  crystals  j  ct      A-Tiohi";  t-*"!-:'  i  ncl  J  sii-.n  5  , 

:i.r  bubbles  of  different  shapes  ano  cii.Ti.jriiioiis  ai<.-  trequent. 
They  sometimes  form  an  indistinctly  expressed  stratification 
pdtdllel  to  the  overlying  layer  or  group.s  ol  hubbies  of  differ- 
ent dimensions.  The  Ice  bodies .  lomied  by  means  of  many 
repeated  injections,  may  Include  separate  pebbles  and  even 
boulders  frozen  into  Ice  at  their  upper  part  and  UpUttad  dUClBQ 
further  injection.s  and  heavlngs. 

On  the  surlocn,  differentiated  heaving  Is  expressed  In  the 
form  ol  mounds  and  heaving  areas  of  different  shapes  and 
sizes  -  The  gaognphlo  oecumnea  of  Inlactfen  lea  la  shown 

In  Fig.  2. 

Wedge  ice  represents  a  connecting  link  between  the  groups 
ol  constitutional  ice  and  cave-wedge  ice.    Depending  on  ti-ie 
mode  of  tormotlon,  it  ii;  Includi-d  in  one  group  or  another.  The 
wedge  ice.  formed  by  frcitiiig  of  cracke'l  w.iterbearlng  rocks, 
rT'_!;'  D>;  referred  to  the  group  of  constitutional  Ico,  since  It  Is 
formed  Irt5rr.  underground  water.    If  water  penetrates  fissures 
from  the  surfoc<!  and  freezes  in  them,  .luch  Ice  must  be 
referred  to  the  group  ol  cave-wedge  ice.   Wedge  ice  belongs 
to  typical  eplgenetlc  formations. 

Repeated- wedge  Ice  represents  a  specific  variety  ol  wedge 
ice— the  result  of  repeated  ice  formation  in  fissures  periodi- 
cally forming  In  about  the  same  place  many  times.    By  its 
large  size,  repeated-wedge  ice  is  outstanding  among  the 
undeiqround  ice  modifications  and  is  important  in  the  develop- 
ment of  cryogenous  relief  forms.  At  present,  repeated- wedge 
lea  Is  aaslar  lo  study  than  other  kinds  of  underground  IM. 

no 
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The  mechanism  of  the  formation  ol  li:i:-wedges  is  as  follows: 
Seasonal  temperature  oscillations  produce  annual  changes 
ol  volume  In  the  upper  horizon  of  frozen  rock  — contraction  by 
cooling  and  expansion  by  heating.   The  cooling  of  a  solid  rock 
mass  from  the  surface  results  In  tensile  stress  which  breaks  it 
Into  separate  blocks.    Distance  of  frost  fissures  from  each 
other  is  detenslned  tay  tensile  strength  of  the  material .  and 
Ineraasas  with  the  rock  strength.   Trost  fissures  arise  on  the 
soil  sutfbea  hem  the  end  of  October  to  Isnuary.  penetrate 
daapar  and  deeper,  widen  with  the  propagation  of  the  cold 
tanpatature  wave  downward,  and  close  duilng  the  summer 
lock  heating.  In  this  plan,  frost  fissures  make  a  polygonal 
net  that  Is  more  regular  the  more  homogeneous  the  rock. 

IB  wfniar,  frost  (issums  ai*  filled  with  hoar  frost,  and 
diMiog  tfaa  anew  thaw,  flood  water  fills  them  up  and  freezes 
baoausa  of  tha  low  teaipaiMnn  of  the  aneloalng  roeks.  In 
avaiy  ttasurn  a  Ihla  vartioal  lea  layer  la  tonsad—an  elaaientafy 
ennual  trelw— ptesalng  off  Him  ftoaea  laok.  ttnoa  lee  tenalle 
sttength  is  annli  toss  ten  ttwt  of  froaen  loeKa.  emeklaa  la 
peilodleally  lepsatsd  In  about  the  eaaie  plaoe;  tlieieliiio.  tte 
ice- wedge  giaduelly  widena.  If  at  tha  aama  tlsie  Oie  tenpen- 
tuta  Qiadlamta  lacsaaaa  (which  hel^  to  deepen  enektm^.  the 
vertical  dlawnalons  of  tba  valna  «iow.  Ike  eneloalnv  ncka 
InoomaetwiibihavelnabeoeMdanaar,  are  enished  and 
Pleased  upwerd,  and  fbna  amall  ridges  on  both  aides  of  the 
iiost  ttssw*.  Such  la  the  piooeea  of  apfgenetto  ice-wedge 

If  mmr  sediawnts  aeeisHtttole  efneltaneously  widt  the 
growth  of  lea-wedges,  ttie  genaial  aurfMe  level  and  the 

pemafrost  upper  boundary  are  gradually  elevated  and  afa  ae* 
eompanlad  br  tbm  growing  ice-wedges.  Sueh  wedges  ete  said 
to  be  sytigeaetle.  They  grow  both  In  wUMi  and  height, 
piercing  all  aoettoiutotlng  panaafiest  leyars. 

General  condlUons  of  loa-W*dge  developauflt  in  the  upper 
permafrost  layer  are  as  follewsi  (1)  Appearance  of  ftoat  fto* 
suros  penetreting  the  permafrost:  (2)  filling  up  of  tfaa  fissures 
by  lee;  (3)  presence  of  sufficiently  plastic  or  comprasslUa 
ffoien  lecka.  For  deep  frost  cracking ,  sufficiently  great 
temperature  oscillations  In  the  upper  layer  of  rock  are 
necessary. 

Wedges  grow  in  rocks  of  different  genesis:    bog,  lake, 
alluvial,  marine,  glacial,  diluvial  rocks— even  In  a  very  Icy 
coarse  fragmontal  eluvium.   They  develop  and  occur  most 
frequently  in  concordantly  stratified  alluvium:  they  occur 
geomorphologlcally  in  flood- plain  conditions.  SyngenetlC 
ice-wedges  under  such  conditions  sox-i't i  ti-' ;  fjp  t.v  to  a  vorti- 
cal dimension  of  several  tens  of  .Tieteri  and  up  to  a  width  of 
10  m  in  their  upper  part.    Eplgenetlc  ico- wedges  have  varHeal 
dimensions  of  2  to  B  m  and  upper  widths  of  O.S  to  3  m. 

Repeated- wedge  ice  differs  from  other  ice  varieties  by  the 
abuFidarice  of  admixtures  that  are  due  to  the  very  mo<ie  o!  its 
origin  (to  the  filling  up  of  frost  fissures  by  hoar  frost  and 
water)  ■    Besides  autogenous  salts  and  gases  present  tn  any 
mass  of  Ice,  repeated-wedge  Ice  usually  also  contains 
xenogenlc  admixtures  such  as  mlrwral  particles  brought  by 
water,  fine  organic  remnants,  and  air  ir  the  potes  among  the 
sublimation  crystals.    The  quantity  of  hard  mineral  and 
organic  admixture.';  may  reach  3  to  5%  of  the  total  weight  and 
1.0  tr>  I  .  T%  of  the  totol  ice  volume.    The  volume  of  the  gas- 
fillcd  cavities  may  re.ich  4  to  6%  of  the  total  volume;  2  to  4% 
ol  this  represents  cavities  filled  by  xeogeruc  gases.  Veins 
may  also  contain  the  xenolHhs  of  enclosing  rocks.   These  ad- 
mixtures create  a  specific  appearance  of  the  repoatcd- wedge 
ice  permitting  easy  Identification 

Repeated-wedge  Ice  Is  poorly  mineralized  and  from  the 
r-omposition  of  the  salts  corresponds  to  the  surface-flow  watSK 
The  composition  of  enclosed  gases,  due  to  abundance  of 
organic  remnants  In  the  Ice,  differs  considerably  both  from 
the  atmospheric  air  and  from  the  mixture  of  gases  saturating 
the  water.   Nitrogen,  argpn,  and  other  inert  gases  make  up 
94  to  98%  (by  volume];  oxygen  makes  up  only  O.S  to  S%;  and 
a  small  quantity  of  biochemical  gases  is  present,  iitcludlng 
carbonic  adds,  hydrogen,  amnonta.  and  nathana.  lha  un- 
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usually  smdil  oxygon  content  Is  explained  by  tiM OKldMlefl 
of  organic  reiTiains  contalnod  in  the  Ice. 

Composition  and  quantity  of  xenoQenlc  admixtures  In  the 
Ice  depend  on  the  water  regime  of  the  earth's  surface  during 
the  fonutlon  of  the  admixtures. 

Ice  heavily  contaminate  by  mineral  admixtures  Is  dark 
9ray  or  twown  and  has  a  distinct  vertical  stratification.  The 
vertical  layers  are  produced  by  fine  (from  a  fraction  of  a 
millimeter  to  1  to  2  mm)  layers  of  mineral  particles  located 
along  the  axial  planes  of  annual  elementary  ice  veins  due  to 
the  pushing  away  of  Inclusions  by  the  Ice  crystals  that  grow 
from  frost  fissure  walls  when  water  freezes.  This  stratifica- 
tion is  frequently  irregular,  curved,  and  Intercutting;  the 
boundwlaa  of  layers  are  indistinct  due  to  the  nuMlUng  of  th* 
eonMet«>  (toi  taclusions  are  chtofly  •umommus  end  nan  or 
lOM  gaonatfie  in  ahapo.  lee,  Uttio  eeatanlnatad  fay  mnanl 
adnlxnifaa  but  wiih  aiaiiy  ga>  induaiona.  haa  •  wlitttah  color 
and  an  Indiatinct  vertical  attatlfloatlon.  Mtneml  adntaturaa 
aio  aoattarad  in  It  a>  aapanta  noduloa.  and  tha  amtlOoatlen 
la  preduead  by  a  vaiytag  eootant  of  gaa  Inelualena  In  naiabbaf> 
Ing  layara.  Via  aujority  of  gaa  inelualona  an  xanogonle  and 
havo  imgularty  cuivad  or  faraadiad  ritapaa. 

Witt  tlw  abevo  dlitlactlMw  In  oowpoaltlon  and  atraetura  of 
tba  fapaatad-wadga  leo.  It  la  poaaifato  to  dlatlngulab  dm 
foUowtng  baate  apaelaa .  batwaan  wtaldi  gnAial  \ 


I  •  Rapaatad^wadga  lea  It  fomad  in  an  unfloodad  aiofaoa 
(■aweth  idataau  aorfhcaa,  piaiaa,  rlvar  and  lake  terraces,  and 
bigh  flood  plaUu) .  Hm  1m  la  wUt*  or  light  gray,  crypto- 
tomnllar.  flnaly  gmlnad  wMi  diaotle  ortoMatlon  of  ciyaial 
optic  anaal  lea  danalty  la  0.g7«  to  0.  g9S  g/ou  oai.  Mineral 
I  «ra  vaiy  slight  (a  teeuon  of  1%  by  walgMl,  vaga- 
I  aia  preaent,  «id  naoMrous  gee  indutfona  of 
inagular  ahapa  are  oontalaad  (S.  S  to  6%  by  volume) . 

2.  Repeated-wedge  tee  li  formed  In  a  periodically  flooded 
surface  (flood  plains,  drainage  zones,  and  depressions).  Xbm 
ice  Is  gray  and  brownish-gray,  distinctly  stratified,  with 
density  0.89S  to  0.905  g/cu  cm,  contains  considerable  mn- 
eral  admixtures  (1  to  3%  by  weight) ,  and  gas  inclusions 

(2.S  to  3.  S%  by  volume)  chiefly  of  regular  shape;  the  Ice 
texture  is  allotrlomorphogranular.  The  ice  Is  fine  and  akedium 
grained  (maan  dlamatar  9  to  S  mnit  iho  lea  eiyaMllogiapiiy  la 
chaotic. 

3.  Ropoated-w.-riij.;  ic--  i-  rnrmcd  In  -nnnually  flooded  or 
pemanpntly  subTnt-fjei  ijjtacvs  (side  stream  shallows,  low 
r.c  j  ;;lairi;  ,  a nc  bottoms  of  smsll  watf^r  reservoirs)  .    The  ice 
13  dark  gray  auq  Drownlsh  qrAy  to  brown,  dislliictly  strali(ii:ci, 
with  density  atovo  0.9D5  g  currn.  It  contains  a  great  amount 
of  mineral  admixtures  (3  to  5%  by  wolcjhO  ,  sometimes  sandy 
(the  wedges  formed  In  the  side  stream  shallows)  .    Gas  admix- 
tures are  scarce  (2  to  2.5*  by  volume):  their  sh<»pe  is  chiefly 
regular.  The  Ice  texture  is  hypidiomorphogranujar  and  allotrlo- 
morphogranular. Correspondingly ,  crystallo<)raphic  orienatioa 
depending  chlufly  on  the  tonporature  of  fissure  walls    may  be 
both  chaotic  and  more  or  less  regular — the  dominant  develop- 
mont  being  obtained  by  those  crystals  whose  cUofaMS  aiO 
oriented  perpendicularly  to  fissure  walls. 

The  number  of  the  annual  layers  in  a  wedge  determines  the 
msnlmum  duration  of  its  dev^lopnont  m  yrars  (the  tSne  of  the 
wedge  development  may  b»-  lotigct  If  ihe  crnckirvj  does  not  take 
place  every  y<«or) .    If  the  depth  of  the  wedge  upper  surface  is 
equal  to  the  seasonal  thawing  layer  thickness,  such  wedges 
continue  to  grow.  A  deeper  bed  means  that  the  wedges  have 
stopped  growing.   Ice- wedges  may  be  burled  attd  occur  at  any 
depth.  If  eplgenetic  ice-wcdgcs  stop  their  development,  an 
burled  under  a  layer  of  sediments,  and  then  begin  to  davolop 
again,  two  horizons  of  ice-wedges  In  different  depths  are 
formed.   If  wedges  of  the  upper  horizon  penetrate  wedges  of 
the  lower  borlson,  then  the  complicated  two- ,  Uuea- .  and 
m ulti staged  wadgas  are  formed.  The  latter  oceur  meat 
frequenily  on  diluvial- soUllucuon  slopes. 

Tha  ultinata  atata  of  multistage  wedge  stnietun  is  ropm- 
aonlad  by  aynganatlc  ice-wedges  in  which  every  stage  con- 
sists of  ona  anmial  tee  layer  located  higher  than  a  prevloua 
by  ona  or  aavaial  annual  layers  of  sadtnants<  Iba  sy- 


genetlc  ice-wedge  differs  from  ar.  opigenotic  one  In  that  part 
of  the  annual  Ice  layers  begin  on  a  vertical  or  inclined  con- 
tact surface  rather  than  a  horizontal  one.    Syngenetlc  wedges 
reach  much  greater  dimensions  than  epsgenetlc  ones  and  may 
Include  tens  of  thousarvds  of  annooi  ice  layers.  Their  vertical 
dimensions  are  limited  only  by  the  thiclUMSS  of  syngenetic 
sedlamnta  arvd.  in  the  regions  of  intanaa  tectonic  sinking,  may 
be  very  great .  On  the  Yana  Rlvar  ice- wedges  are  known  vrlth 
a  vertical  dimension  of  40  to  SO  m. 

Ice-wedges  form  a  polygonal  net  In  plan.  The  polygon 
dimensions  vary  from  several  meters  to  100  to  ISO  m.  depend- 
ing on  tho  caiBbimtlon  of  natural  conditions.  The  number  of 
angles  In  a  polygon  vartaa  torn  tbraa  to  alx.  SaneUmes  in 
vary  hosgoganaoua  oneloalng  aadUnanta,  an  axcapilonally 
ngular  tMngenal  not  la  foimad. 

BaeouBO  teat  flaauna  font  tba  polygonal  nata,  both  wban 
tfiay  pamabato  into  paraiafnst  and  pieduca  lea-wadgaa  and 
when  tbay  do  not  reach  panaaftoat  and  do  not  result  In  ice- 
wedges,      polygonal  mitef  pioduead  by  ttia  liost  fiasuna 
muat  ba  oaliod  a  "ttaawa-polygonal  nllaf  ■ "  Thus  too  types 
eeeurs:  BaaienaHy  ttaaun>pelygenal  Bleienllaf  tdlaiaatar  of 
polygena  fieai  1  to  KklS  a}  and  wadga-polygonal  nllaf 
(dtamoiarof  polygona  lOto  ISOni.  In  tha  nordi  tha  latter  la 
of  a  gneter  Uapwtanee.  Rmia  of  Hie  wedge-golygoael  nllaf 
obaonred  on  tha  earth  surfaoe  vary,  depending  on  tte  stage  of 
Ice-wedge  development  (Table  !,  rig.  3). 

Surface  morphology  or  repeated- wedge  Ice  and  other  uitder- 
ground  ice  species  depends  on  the  alage  of  underground  toe 
development  (Table  II). 


9  i  It  tS  20  m 


Pig.  3.   Stages  of  development  In  an  ice-wedge  polygon:  (l) 
Stratification  In  tee-wedges:  (2)  StraUflcetien  Inside  polygone! 
(3)  Water:  (4)  Cavities  in  penudomotptaosea  on  lee-wedgea; 
(8)  Upper  aurfaee  of  penaaltaat  (DC,  tfiamekarat  lake,  not  to 
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Tabl*  I.  GwMtlo  ■«>••  of  w«dge- polygonal  r*lle(  forms 


Tvam  of  teltef 
RalHd  ado* 


Planed 
IhanMkairat 


tnltiat  w*a9*t  PUiw  without  lalmd  odgei. 

Mature  stage:   Concave  with  raised  edges  -^nd  hogs  m.  c'>rtr>r. 


Surface  planauon  and  lc*-w«dg*  state: 
•dgst;  turteM  wltheut  polygons. 


Plane  (loorly  exitressed  with  overgiown  bogs  and  without  ralMd 


iMt  wttb  Mnow  thawing  fwiewtr  (9  with 
wlttetrt  rat  sad  adgaa.  foiiadad  in  plan 


Initial  dOBtnioUoa  naga:  (1)  Plana,  without  ralaad  i 

falaad  adgoa  and  thawing  fwnowo  between  tham;  (31 

with  wida  shallow  thawing  fumws* 
Maturs  dotlruetlon  ttago:  (I)  Oonvax.  without  falaad  adgoa,  wMi  deep  thawing  funewat  (3}  eoaa-lllw 

polygon  mommla  of  ratiMM  ahapo  in  plan  with  wida  daop  tiiawug  fynowa  ("taaljafaMia"):  (31  tfaeino- 

karst  daprassiens  ("alassas"). 

Complete  thawing  of  ice-wedges:   <1)  Convex,  frequently  rounded  In  plan,  with  psaudOMOiphOiai  Of 

cavities  replacing  th«  ice-wedges:  (2)  slightly  convex,  rounded  or  elongated  in  plan,  aald  ralle 
 P9*WT"»  "MB*-  


Table  U-   Underground  Ico  and  losulting  cryo^enous  rsliei  (orms 


Type  of  underaround  loa 
lea  eaawnt  of  basal  type 

and  segregations 

ln]ecUon  ice 


Rapoatad-wedga  lea 


Burlod  lea 


Reliet  rorms 


DevelopBtental  stage 

Areas  of  prornunced  frost  heaving  on  a 

bncltground  of  gcrierrtl  hi^nving 

Areas  of  feebly  expressed  huaving. 
Saaaoital  and  parannlal  front  nwuiids 

Ralsad  «dg«  polygona 


Destniettonal  ataaa 
General  surface  depression 

Ihernokarst  depressions  (takes),  cirques. 
Sn.^u  thamekarst  dapraaslons  (snail 

lakes) 

(1)  Ihenaokarat  polygons.  (2)  thermo- 
karst  dapraaaiona  ("alassas"),  (a) 
polygons  ("nwund-depresslonal  reUeri 


Theinokfltst  depressions 
Cirques .  sinkholes 


sisall  and  laiga. 


DigTIQBUTlOir 

The  geographic  nc  r-  .r:!  :  t  .■  ol  the  types  of  underground  ic-  is 
very  different.    Ice  r.-mfni  and  s<>gregatlonal  irr?  .irf  thi-  inoal 
Widespread  ar.i  occ-r  jTJCtlcally  cvcrywhero-  Ki-(---,it"d-'/.--d>3f 
ici:  1-1  very  widf-sfire.id  (Fn-  4).    In  this  connoctmn  oti<-  munt 
d:--.t;r.gui5h  ;ht?  age  of  rofeated-wedgc  ico:    Cnritfm(-oi  iiy  .^r.d 
fossil.  Contemporary  growth  of  repeated --A-'^dije  ico  is  found 
only  In  the  northern  perraafroat  territory-  The  rrnre  continental 
the  Cllnate  the  greater  is  the  distance  between  the  southern 
boundaries  of  the  contemporary  repeated-wedge  Icc  and  of 
pemanantly  frozen  ground,   ror  example,  in  the  middle  part  of 
the  Lena,  this  boundary  approximately  coincides  with  the  3'C 
Isotherm;  and  its  distance  from  the  permafrost  southern  bound- 
ary is  1000  to  2000  km.  In  the  USSR  In  Europe  It  concldes  with 
the  -O.S  geolsotherm  and  is  located  only  100  to  ISO  km  north- 
ward of  tha  soiitham  boundary  of  permafiroat,  Tha  chief  cause 
of  such  a  difference  evidently  lies  In  the  corresponding 
varlatiOIlS  in  water  content  in  the  surface  layer  of  sediments. 

The  presence  of  pseudomorphs  and  of  relic  polygonal  relief 
show  that  in  glacial  epochs  in  perlglaclal  zones  the  lapnotod- 
wadge  loa  extandad  much  more  to  the  aouth  than  at  praaant— In 
some  piaees  far  beyond  the  present  paraiaboat  leglon. 

Cava  lea  oootn  apoiadioally:  thaimofcarst-cava  ica  oeeura 
lather  frequently,  chiefly  In  places  where  rapaated-wedge  ica 
Ibawa  out.  Tha  panwllaf  faatura  of  tha  karst-eava  lea  is  its 
prasenea  In  any  cUfflata  lOne  of  tha  aaith .  axieept  probably. 

CnOGENOtffl  KUBF 

Analysis  of  tha  aoant  data  avallabla  en  budad  lea  shows  that 
aaco^  for  glacier  toe.  coyaiod  with  noraina  in  laglooB  of 
present  gladatlon,  there  era  no  authentic  dlscowaiies  of 
iMclad  ioa.  Many  invastigatMS.  including  the  authers.  ob- 
aanrad  oontemporaiy  burying  of  anow:  but  as  a  lula  this  was  of 
brief  existenoe.  being  destroyed  aoon  after  its  burial.  The 
oocinranee  of  awdlfleatiens  of  bwiad  ice  ranMlns  aa  open 
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Tuestion,  and  inrther  :  nvo 5t;gatio:- j  are  ne-c-i.^jry  ;mt  iI? 
answer.  Information  now  available  suggests  that  t.^e  part 
play^-'d  ty  burled  ice  in  the  lithosphere  may  b«  inslgni  f;c int . 

T.'ni-;.  tot.^;  quantities  of  gcr  ctica  1  ly  rlillefnt  undcigroutid 
liv  .ire  iriver  .e.y  propor t ioiio .  tti  ii'.-  cr  5ic'-ntratlon  In  the 
'■.■irtri'5  -ru?t:   The  more  scattored  the  ice  of  a  given  type  in 
the  earth's  crust    the  greater  is  its  total  quantity;  and  con> 
versely,  the  more  It  is  concentrated  in  huge  continuous 
nwBses.  the  smaller  is  its  total  quantity, 

CONCLUSIONS 

The  most  important  types  of  underground  Ice  are  the  scattered 
and  widespread  itre  cement .  segregation  Ice.  and  the  types  of 
ice  forming  large  accuinulations  — repeated-wedge  Ice.  The 
Inlectlon  ice  is  less  in^^rtart.  sr  d  least  important  are  cave 
ice  and  buried  ice.   CorrcspordiP'gly ,  the  main  problem  of 
undeigraund  ice  study  is  the  study  of  Ice  caniant  and  fiosaii 
ground  texture.  In  the  study  of  segregation  lee  Ae  anst 
loiportant  problem  Is  Investigation  of  the  cryogenous  struc- 
tures and  the  laws  of  their  formation  and  the  further  develop- 
nent  of  the  ciyo- structural  nwthod  of  study  of  ana-gtalnad 
pamafiost.  Further  detailed  iiwesttgatlons  of  structure  and 
texture  should  reveal  the  pncesses  end  oondltlons  of  their 
fomatlon  and  should  better  explain  their  properties- 
Study  of  reiieated-wedge  Ice  is  Important  both  selentlflcaUy 
and  piaotlcelly.  It  may  become  uaahil  for  genetic  detemlnao 
tion  of  the  whole  enelostng  rock  series  in  palaogaographie 
analyaia:  however,  there  an  still  many  unexplained  detaila 
in  the  siachanism  of  Its  davelopmaiit. 

The  nwchantsm  of  formation  Is  one  of  the  chief  taska  In  the 
study  of  inlectlon  ice,  Understendlng  this  pnbleni  nay  be  im» 
pertant  in  the  study  of  a  caidina)  geeetyelegfe  probleBi->the 
frost  heaving  of  sella. 

The  tfaamy  of  the  development  of  underground  ioe  Is  one  of 
the  most  important  parts  of  cryollthology,  e  new  branch  of 
geociyology.  Further  study  of  Hndeigiaund  Ice  wlU  help  the 
devetopatem  of  ciyoUthology  and  of  geocryolagy  es  e  whole- 
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Fig.  4.    Schematic  map  of  the  distribution  of  repeated-wedge  Ice:    (1)  Region  and  southern  boundary  of  fossil  type;  (2)  Region 
and  southern  boundary  of  fossil  and  contemporary  types:  (3)  Southern  boundary  of  permafrost;  (4)  Regions  of  sllty  wedge  Ice 
including  sediment  of  great  thickness;  (S)  Ice  silt  sediments  of  small  thickness;  (6)  Wedge- ice  beds  BCCordif>g  to  ground  data; 
(7)  Ice-wodge  polygon  relief  taken  by  airplane  observation:  (B)  Glaciers 
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SESSION  III 
GEOMORPHOLOGY 


LIMESTONE  TERRAINS  IN  SOUTH^N  ARCTIC  CANADA 


J.  aaUM  HRD,  MeOUl  VBlvnalty,  ItontMal 


Umesmne  Is  the  most  common  ••<llm«ntary  rock  in  arctic 
Canada  south  of  Parry  Channel,  where  It  cover*  about 
300.000  sq  km,  or  more  than  12%  of  the  larxl  surface.  Lime- 
atone  terrains  are  the  sites  of  most  settlemenu.  MriMlds.  and 
military  installations  because  of  the  reputed  tevonbta  Migl- 
neerlng  charactari sties  of  terrains  where  there  Is  continuous 
permafrost.   Studies  during  the  past  IS  years  have  confirmed 
thia  obsaivatlon  genarally  (or  trnnlm  clow  to  sea  leval,  but 
haw*  ahewn  alao  thai  dMn  «•  wmt  Jecal  variationa. 

Raeoonltlon  of  aiette  Umaatoiw  tMrnlas  tm  air^hoios  and 
thalr  aoononle  uttiUatlon  for  aattlwBMit  puf|wa*s  nlaaa  hum- 
tlena  eencianilao  ttwlr  fundanantal  plq^aUial  yrapartto*.  tn 
■oat  iwrts  of  ttw  wortil  llmalam  la  ataoelatod  with  wcM 
ac«B«iy  and  hydiologleal  oomUUona  due  laigely  to  th«  aolu- 
UUty  of  eaitontta  moka  In  ground  watar.  Gaoawrpboleglata 
hava  leap  faeepnlMd  unlqua  landfnma  ia  aild-latltiidaa  wham 
kant  laiidacapaa  and  Ihalr  avolulioa  wara  daaoribad  fliat  by 
Cvljte  and  Onmd,  and  In  tha  taaplea  whaio  fctwei  and 
karat  ara  davalopad  [1.  2,  3.  4].  Thara  ara  law gaoowiplio^ 
logical  aeeoimta  ol  aiMie  llnaalona  acanaty,  and  it  ia  m- 
eaitain  to  what  aanaM  cold  elliaataa  induanca  tha  normal 
davalepnant  of  lla»alBna  landfanaa. 

mstnvmOH  op  imssionb 

Tha  llOMatonaa  of  aietie  Canada  ara  of  thraa  auin  gaologleal 
agaa.  Tha  eldatt  eeeura  in  namw  faanda  and  balta  of  ciyatal- 
llna  llmaatona  In  Arebaan  matsaadUanta  In  several  areas  of 
tha  northam  Canadian  Shtald.  Ihair  ara  locally  conspicuoua  in 
aouthem  Baffin  Island  wltero  In  aona  paita.  pattloularly  aiound 
Laka  Harbour .  they  ai*  tha  doounant  surfaca  reck;  avan  hara 
few  limostorte  outcropa  ara  mora  than  100  n  wlda. 

The  second  group  includaa  liaiattonaa  and  dolomitea  of 
early  and  late  Proterozoic  age.   They  are  commonly  thick 
bedded  and  gray  or  while  tn  color.  Ir>  the  western  Arctic,  they 

Orc.j.'  In  thij  CoppiTnif.i-  'jrriijL.  whfrr:  U-.ry  jro  I nt<_'rl.5ynr<jd 
with  trap  nirks  arJ  J .3 t>i sr,"  i;.  ;h'_'  riortheost  t.noy  [nrm  an 
importGnt  component  r-t  the  rocks  *.ri  i>orthem  Scm.:?rsot  Island 
ar«a  on  Borden  Peainsuia  ,  Baffir.  Islanc.    Tnc  teds  are  often 
Steeply  dipping  ar.d  o^rrs^ior.nlJy  vff.jcal  as  they  are  in 
eastern  Prince  o!  W.5ii:-i  l  ii.ir.l.   Ir:  -.hr^se  circumstances,  thwy 
are  associated  with  stnkiiy-)  ho;ji«rk  irinriiorms. 

Pal9O«01c  lincstoncj  .jr.d  dolorer.cs  I:^rx  the  third  giOup. 
They  vicre  deposited  in  Ordov-ciari    jr.c  m  the  north,  Silurian 
seas.    At  one  tine  they  covered  a  large  pa."..  11  not  all  the 
northern  Canadian  Sliiv'iJ,  but  todrty  are  pM'served  only  In 
besiri?  and  trough';  In  the  j>hiel:l  and  hdvr-  iK-en  removed  Irom 
intctvtinlnij  swcli3  .3rd  archr5.    The  F.t lr-.>rr'ir  limestones  vary 
from  thin  fcoddod ,  flQtjyy,  anj  ofter,  argiUaceojE  forxations  to 
ET.assive  beds  several  meters  thick.    Chertv  lirr.erjtones . 
dolon'tlte.  and  ;e -j^  coinrioniy ,  sh.^U.'  iicdL^.  <irc  prc';»>nl. 

Six  -najor  h^slns  font.^i  t.ir>j  r,3ler>/ojc  I in.r-:; "'r t- :.  have  been 
rr-coynlied  Including  Hu-lson  Elay.  I  -_'>:c  ,  Vcllviliu.  Victoria 
Strait,  Woi;.3ston  ,  and  Jones  -  Lar.ca  5t.:r  Sojnd  basins. 
Typically  the  sediments  are  atout  '.  krr,  deep  Ir.  the  center  of 
the  brtslns.    Around  the  margin',  ttie  transition  to  the  Shield 
ItJck.'i  may  extend  over  fi«>ver,i;  riili';"^,  particularly  where  there 
l5i  deep  drift  and  limestone  outliers:  el.iewhere  the  boundary 
is  ahrupt  with  amestone  escarpments  overlooking  the  Shield 
(Fig.  1). 

Limestone  landscapes  in  arctic  Canada,  like  those 
developed  on  most  other  rocks,  evolved  their  major  elements 
prior  tQ  tha  final  Flaiatocant  giadation.  Tbay  wera  fuithar 


rig.  1.    Distribution  of  carbtin.^tc  rocks  in  the  Southern 
Canadian  Arctic:  clastic  and  volcanic  rocks  occur  in  a  few 
araaa;  PraeaaibalaB  Itawatona  la  not  ahown 


nodlflad  duttng  gJadatien  and  hava  axpatlanead  oihar  ehangaa 
IB  tha  hrfaf  poatglaelal  parted.  Uaiaaionaa  hava  faaan  danudad 
aion  iBpldly  than  tho  najoilty  of  loeka  In  tlia  Antic  and  taday 
an  ^nartly  lowland  loeka*  Unr  iwaial  gaoomvMe  naaona. 
Unaalona  vplanda  hava  atavivad  aioond  mmw  ftntt  and 
Laaeaatar  Sawid  whan  than  aw  axianalva  plataaua  botwaan 
370  10  600  ■  abova  aaa  lawal  (Sl.  Lowar  ptataaua.  30  to 
ISO  n,  ara  iound  la  tha  intoclor  of  a»ny  of  tiio  llMsiona 
plalna. 

Comparlaons  between  the  geomorphic  and  permafrost 
features  of  the  limestone  plains  and  plateaus,  and  berwoan 
araaa  that  axpananead  contlnantal  glaciation  and  othars  that 
aaeapad.  naka  it  poaaiUa  to  daduca  tha  main  efaaiadnrtatlea 
of  tha  aiotlc  oontlaaatal  Uaiaatone  taitalna. 

CRBMICM,  WEATHERWG 

Limestone  surfaces  in  most  parts  of  the  '.vorld  are  stior-'jly 
ai:ected  by  solution  from  ground  and  surface  'Abaters  contain- 

atmospheric  carbon  dioxide,  soil  bacteria,  and  der.=iyed 
or'jan.c  matter     The  f.at'uration  equilibrium  ol  f-ail«n  dic^ide 
mcrea-ie.-i  with  decrea  seu  tecr.perat  ure  SO  that  ftt  U 'C  ir 
f.v;ce  j>s  'jreal  as  at  2S"C.    Coris«cjuently .  chomica.  ■•n'ealher- 
InQ  Is  greater  In  polar  areas  than  in  the  tropics  l6,  7,  8]. 
Bogll  shows  that  the  temperature- solution  relationship  is  com- 
plex under  natural  conditions:  the  rates  of  limestor\e  solution 
and  limestone  removal  are  not  nacassarily  ralatad  artd  he 
believes  that  surface  karst  wlU  davalop  iBon  quickly  undar 
tropical  corxlittonE  [9]. 

Surface  kar.st  .r.  rare  ir.  rcrtherr.  Canacia  ,  Occasionally 
limited  solution  elfects  may  be  obf.ervea  alonq  ,'oints  and 
flssaie.-;:   but  .'.olutio:;  has  not  firoceeile'^i  uulcf.ly  enough  in 

the  posiytaciaJ  p<;t:o-i  if  st  batnai  >.;xposurc.  that  varies  from 
6000  to  12,000  years  abcve  the  limit  Of  aiartm  mnagnaaloR, 

for  the  results  to  conspicuous. 

Fissure  solution  is  ccnUned  to  massive  limestone  beds 
where  they  outcrop  on  hori2or»ta!  syrfnces  and  forre  pavements. 
On  S-Tirieti.et  h.l,*-n:l  the,';e  :^re  i'rc;i';ed  ;iy  solution- enla  r-.jed 
Joints  7  to  l^'  rn  leep.    A  more  e:<ti;:i'jivi-  ;j,5Vumcnt  occurs  on 
a  Uj'-'-'  limestone  p.ateau  'A-pst  o:  V.'cl l.ryton  Bay.  Victoria 
Island,  that  is  covered  with  a  rectangular  fissure  pattern. 
Solution  fissures  are  not  found  on  thin  bedded  Umestonea 
where  mechanical  weathering  is  the  dominant  piooess. 

US 
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rtg.  2.  Solution  fissures  and  trenches  In  the  Victoria  Strait 
Basin 


Large  fissures  occur  at  other  points  where  they  are 
associated  with  cambering:  chemical  weathering  is.  however, 
negligible.    Such  Is  the  case  along  the  limestone  escarpment 
near  Quilllan  Bay,  Melville  Peninsula,  and  in  northeast 
Somerset  Island. 

Large  trenches  5  to  20  m  wide ,  0.  5  to  1 .  S  m  deep  and  in 
some  cases  several  hundred  meters  long,  are  found  in  lime- 
stone in  the  Victoria  Strait  Basin  (Tig.  2).    These  trenches  are 
partly  filled  with  till  and  have  been  identified  as  preglacial 
solution  fissures  [  lOj.   They  may  also  be  formed,  however, 
by  mechanical  processes.    Low  ridges  of  shattered  limestone 
have  been  observed  at  several  localities  in  the  Arctic  includ- 
ing Melville  Peninsula,  Victoria  Island,  the  Arctic  mainland 
berween  Cape  Kendall  and  Cape  Krusenstem  [II.,  and  in 
North  Greenland  [12,  !3J,  where  they  apparently  develop 
from  frost  wedging  along  joints.   If  glacier  Ice  subsequently 
removes  the  debris,  the  residual  trenches  would  be  comparable 
in  dimensions  to  those  In  the  Victoria  Strait  Basin. 

Although  solution  by  surface  water  In  the  Canadian  Arctic  is 
restricted,  solution  beneath  snow  is  locally  clloctive.  Kauko 
has  shown  that  the  solubility  of  carbon  dioxide  in  snow  may  be 
as  much  as  20  times  as  great  as  in  water  [  hJ.   Maximum  con- 
centration IS  found  after  ireezirvg  and  thawing  at  the  sik>w  sur- 
face [  ISl.  Concentrated  solution  occurs  on  limestone  surfaces 
that  are  snow  covered  durir>g  the  thaw  period,  and  this 
produces  rough,  etched  rock  with  sharp  ridges  and  pinnacles 
a  few  centimeters  high  (Tig.  i) . 

Solution  from  srvow  lying  on  bedrock  is  rarely  a  significant 
geomorphlc  process  primarily  because  of  the  small  number  of 
limestone  pavements:  where  they  do  occur,  the  results  are 
oltcn  conspicuous.  An  exceptionally  large  area  has  developed 
near  the  Prince  Regent  coast  of  Brodeur  Peninsula  north  of  Port 
NelU  where  there  is  a  corroded,  naked  rock  zone  several  miles 
wide.    Subnival  solution  occurs  on  limestone  fragments  but  the 
effect  Is  generally  less  evident,  although  close  examination 


often  shows  pitting  and  etching.    Moisture  that  passes  through 
trost-riven  limestone  plates  dissolves  calclte;  this  is  re- 
deposited  on  the  underside  as  travertine  crystals.  These 
crystals  are  widely  distributed  in  the  central  and  northern 
Canadian  Arctic,  but  are  uncommon  in  the  south. 

Under  suitable  conditions  subruval  solution  may  be  con- 
centrated beneath  perennial  snowbanks.    There  are  indications 
that  the  nivatton-type  limestone  hollows  on  Cornwallts  Island 
L  15J  and  elsewhere  around  Parry  Channel  may  have  formed 
in  this  way. 

The  rate  ol  subnival  solution  on  limestone  has  not  Ijeen 
determined.    Observations  of  strong  solution  effects  are  more 
numerous  from  the  northern  Canadian  Arctic  (where  deglacialion 
occurred  relatively  early)  than  from  the  southern  Arctic.  The 
time  factor  should  not  be  given  undue  prominence  as  solution 
effects  are  apparent  on  limestone  pebbles  of  elevated  storm 
ridges  on  both  sides  Of  Bellot  Strait  to  within  a  few  feet  of  the 
sea.  suggesting  (from  the  continuing  crustal  emergence)  that 
under  fovorable  conditions  they  will  develop  in  one  or  two 
centuries. 

The  extent  of  surface  solution  from  snow  and,  to  a  lesser 
degree.  Irom  other  forms  of  surface  moisture  varies  with  the 
local  environment.   In  southwest  Southampton  Island,  pebbles 
on  beach  swales  invariably  show  more  solution  effects  than  on 
the  ndges.    In  lagoons  the  solution  on  pebbles  is  greater  than 
either.  In  many  cases,  solution  is  greater  with  height— reflect- 
ing the  longer  period  ol  sxposure  since  emergence  form  the 
sea:  but  greater  dlffererKos  result  from  lithological  variations 
in  the  limestorte. 

Many  features  in  karst  regions  develop  from  solution  by 
ground  water.    Permafrost  restricts  underground  drainage  and 
consequently  modifies  karst  formation.   In  the  subarctic  where 
permafrost  is  discontinuous  there  may  be  large  scale  under- 
ground drainage  when  the  limestone  is  lointed.   Caves,  large 
springs,  and  naledi  have  been  described  from  the  central  Lena 
Basin  under  these  corxlitions  [  17j.   There  are  few  observa- 
tions from  northern  Canada.    Brarvdon  notes  that  In  the 
Mackenzie  Lowlands  region  ol  discontinuous  permafrost,  there 
Is  considerable  ground  water  flow,  some  of  which  occurs  along 
solution  channels  .  IflJ.    Karst  features  are  rare.    They  are 
believed  to  occur  in  northern  Alberta  and  may  exist  locally 
south  of  Great  Bear  Lake.    No  karst  development  is  found  in 
the  Hudson  Bay  Lowland.s,  the  other  subarctic  limestone 
region  in  Canada,  probably  because  o(  the  low  altitude. 


rig.  3.  Limestone  pavement  exhibit*  subnival  solution 
surface  and  fissure  widerurtg 
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Undergroutvd  (low  under  arctic  conditions  of  cot  t  r  uou-; 
permafrost  is  rare.    CorU;!  considers  that  it  occurs  in  conti- 
nental arctic  limostor^o  area  [l9j.  but  little  gcomor|>hological 
evidence  m  northern  Canada  supports  this  view.   In  the  limo- 
9tone  plateaus  of  rnrthwest  Baffin,  Somerset,  and  Devon 
Islands,  no  sprir>gs  have  b«en  ob.terved  issuing  from  the  sides 
Ofsorgcs.  As  somo  of  the  gorges  are  more  than  400  m  deep. 
It  IS  improbable  that,  if  thars  is  any  quantity  of  ground  water, 
none  of  it  escapes  aa  springs. 

Springs  are  found  occasionally  elsewhere  in  limeston* 
areas  m  the  Caruidlan  Arctic.   On  Southampton  Island,  wwml 
StrMma.  tho  largest  of  which  arc  Bur'^tinr;  and  Unhcatlng 
Brooks  In  the  south  of  the  island,  n  ;  -  in  '  (  lings  that  (low  at 
least  Intermittently  during  the  winter.   The  s&urce  Oi  th*  water 
is  probably  tahic  ir^  fluvloglaclal  deiWaltB  and  In  dMply 
weathered  limestone  rather  then  in  bedioclc.  Most  etraene 
ere  undoubtedly  fed  aolely  by  surface  water  and  tby  up  ae  soon 
as  the  aprifig  runoff  is  oonplete;  streana  tn  Itneitane  areas 
am  oonaa«uemly  often  intemmenl*  In  the  southern  Arctic 
whaiB  vegetation  en  Umeetona  Is  locally  continuous  and  wImm 
lakes  are  numeious.  there  nay  be  some  surface  stoiaQO  ood' 
tnbutlng  to  stream  flow;  in  the  tsi  north  perennial  snow  benks 
sifliilarly  may  provide  water  thioughout  the  summer,  but  tn 
mny  UsMStona  anaas  the  ssialler  stream  ebaimeli  are  dry. 
aieoept  in  the  spring  end  ailar  min. 

VnderBiDund  dieinege  Is  oogunonly  marked  by  alnk  holes  In 
karst  regions*  Hie  only  sink  holes  in  stream  beds  {swallow 
holes)  reponed  ttom  the  Canadian  Arctic  were  (bund  on 
Akpatek  liland  where  they  are  up  to  $  m  wide  [20,  21], 
Disappearing  sttaaffls  fiom  other  eauses  are  net  unktiown  in 
northern  limestone  areas  and  hava  been  observed  on  Vletoaa , 
aomerset,  and  Southampton  Islands.  Ihey  result  fcOMi  snail 
streams  passing  onto  deeply  weathered  limestone  and  ilowiitg 
at  the  bedrock-mantle  interface  Instead  of  on  the  surface-  The 
fbet  that  idenlloal  phenonena  are  observed  en  felseameer 
developed  on  noncaleareoua  reeks  la  sufficient  evidence  that 
It  is  not  a  karst  feeture. 

Solution  hollows  are  not  found  although  ponds  in  many 
Unestone  areas  resemble  them.   Field  Inspection  shows  that 
they  are  forms  of  thermokarst:  Sniooth-  sided  ponds  and  lakes 
develop  when  local  thawing  of  ground  Ice  Is  followed  by  wave 
action  on  unconsolidated  sediments. 

Limestone  caves  are  rare  in  the  Canadian  Arctic.   They  are 
found  in  modern  cliffs  near  Leyson  Point.  Southampton  Islatvd. 
where  they  are  developing  by  marine  action.    In  northwest 
S:ri' rs.'t  Island,  rivers  flowing  In  gorges  are  eroding  caves 
on  the  outside  of  berxls.    In  neither  area  Is  solution  visible. 

The  conclusicr  ;s  :r.o3capable  that  under  continental  arctic 
corxlilions,  ir.  ar^ai  Uiai  were  glaciated,  and  where  there  Is 
continuous,  deep  permafrost,  karst  landscape  due  to  chemi- 
cal weathering  has  not  developed.    Where  karst  Is  found  in 
northern  subarctic  areas,  it  may  bo  contemporary  but  at  least 
in  unglaclerized  areas,  it  may  also  be  a  relic  feature. 

MECHANICAL  WEATHERING 

In  dry  arctic  environments  special  landforms  In  limestone  and 
other  sedimentary  rocks  are  primarily  a  consequence  of 
mechanics!  weatherirxj  believed  to  be  associated  with  frost 
ri'.  j.'  T     The  f  recess  may  commence  evenly  over  a  horizontal 
ror  It  .ui!nL  r  or  may  be  localized  initially  along  joints.  In 
Ihi-  1  lit  r  :  . ■  It  leads  occasionttUy  to  long,  low  rjdges  of 
shattered  rock.   The  size  Of  tho  fragments  Is  linked  closely 
with  the  iithology  of  the  limestone;  felsenmeor  develop 
extremely  rapidly  when  the  rock  Is  thin  bedded  and  flaggy, 
such  as  IS  common  In  the  central  Canadian  Arctic  (Fig.  4). 

Development  Is  slower  on  thicker  beddud  rock  and  is  non- 
existent or  Is  restricted  to  flaking  in  massive  limestone.  Tho 
variety  of  fragments  m  size  arvd  shape  are  practically  endless. 
Near  The  Points,  Southampton  Island,  dolomltic  limestone 
plates  formed  postglacially  average  1  m  in  the  long  diameter: 
in  contrast,  limestone  particle.s  south  of  Amadjuak  Lake, 
Bofiin  Island  are  initially  2  to  3  cm  in  diameter  and  quickly 
disimearate  further,  and  at  E^tty  Bay  in  east  Somerset  Island, 
limestone  plates  are  locally  paper  thin. 


Flo.  4.  A  limestone  feisenmeer  iwrth  of  Pnnce  of  Wales 
Island,  &0-7S  cm  deep,  developed  in  the  postglacial  pertodi 
sotting  has  occurred,  and  fines  are  concentrated  in  poorly 
defined  circles 


The  extensive  dlstrtbution  of  Ilmastona  feisenmeer  in  areas 
that  eaperieneed  Pleistooene  oondnental  glaclation  suggests 
rapid  postglacial  weathering,  but  this  oonelualen  is  not  always 
easy  to  substantiate.  Fiellmtnary  measurements  on  emaived 
pavements  on  the  west  coast  of  Southampton  Island  show  that 
mechanical  weathering  on  thin-bedded  llnesione  has  attained 
depths  of  15  to  30  cm  in  1000  yaers.  At  Mount  Oliver,  In 
southeast  Somerset  Island,  weathered  llaiestone  I .  S  lo  3. 0  m 
deep  has  developed  tn  postglacial  time,  estimated  to  be 
roughly  9000  years. 

If  mechanlcel  uraathering  results  from  tost  scattering  as 
the  rock  tamperaturs  Quetuates  nser  freeslng  point,  it  will  not 
piogresa  indefinitely  under  arctic  cmMUttona  aa  the  aniMial 
temperature  cycle  Is  wholly  below  O^C  baneadi  the  parmafNMt 
table.  On  a  rock  surface  experlendng  active  weathering  Oie 
permalrost  table  is  at  first  in  the  bedrode  below  the  frost- 
riven  plates.  With  groerth  of  the  rock  mantle,  the  permafrost 
table  tends  to  sink  as  air  and  particularly  ground  water  circu- 
late In  the  shattered  rock:  an  equilibrium  state  will  be  reached 
when  the  base  of  the  weathered  mantle  coincides  with  the 
pcrn^a Ir-; si  tjtih?.    Inv ::t ly.jl lor. to  test  thS    ili-rin-Mon  by 
detc.'T^irnr.g  t.-.c  triiimal  conditi'jn  of  the  near-  s.-rlon'C  were 
iins'^rccssful  On  Southari  Ff'^  n  I;^lnd  in  '.'-)'-,•:.,  .-i.i-ca   so  Of 
diilu-ultles  experienced  in  in-.crtin'-;  in^trLmpritE  ;-,  deep 
limestone  feisenmeer  [  22] . 

Once  a  deep  limestone  felisjiuiiiioi  li-.  :  .'crrir-d.  subsequent 
changes  are  restricted  to  progressive  f  lurt.^  r  o:  ir^iqn  iv; 
size.    Laboratory  and  field  studies  l2i,  2'..  h  ivt  s-io.vr.  •.h.i'. 
rock  particles  continue  to  disintegrate  unt;.  j  m:  im  n  l  i.t- 
varying  from  I  to  6      depending  on  the  loct  type  .  js  reached. 
The  proces.s  is  accelerated  by  frost  chumlrv;  tha:  raises  the 
larger  particles  to  the  surface.   In  general  it  lollows  that  the 
older  the  fclsr  n-r t-..-  ^Tnallcr  the  mean  particle  size.  In 
the  brief  postglacial  pent-  1  reduction  of  the  initial  frost- 
shattered  limestone  has  not  ptoceoded  very  far.    DUten  r  ci  s 
in  partirlp  siz(^  dlstrttjtlon  bff.vsin  llmestoro  fp'senmoer 
closi-      sr-.i  K-v.-l.  t.'i-ii  foii-icJ  fT'.Tii ly       tin:  l.^ivJ  emerged 
from  the  sea,  aiiu  louice  liial  weir  cxpof.;"!  ujiiUa;  hioher 
levels  as  the  Ice  retreated,  are  du  ■  lo  ;i:'«rences  of  .itiio.aay 
rather  than  age.    Residual  surface  dcpoiiits  on  ttinestone  that 
survived  the  last  continental  glaclation  unmodified  are  flOt 
kryjwn  with  certainty  from  the  Canadian  Arctic. 

On  the  limestone  platueaus  on  both  sides  of  Parry  Channel, 
the  surface  deposit  l.s  a  silt  rubble  containing  fragments  up  to 
boulders  in  size.   The  area  was  glacenzed,  but  mainly  by 
local  rather  than  continental  Ice.   Tho  prcglaclal  weathered 
mantle  apparently  survives  with  little  change  except  for  the 
addition  of  occasional  erratic  blocks-    In  these  plateau  areas, 
the  landscape  is  in  striking  contrast  to  lowland  limestone 
areas.   Slopes  arc  long,  smooth,  and  gentle,  the  bedrock 
being  buried  except  for  occasional  rock  lodges-   Mass  trans- 
portation is  considerable  but  results  more  from  rill  wash  on 
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the  vegetation- free  surface  than  from  solifluciion.   In  spring 
the  ground  frequently  has  the  consistency  of  semlliquid  mud 
and  It  may  be  impossible  to  cross  on  foot:  In  the  summer, 
except  after  ram.  it  is  brick-hard.   The  permafrost  table  Is 
rarely  more  than  2S  cm  bulow  the  surface- 

Limestone  fclscnnoer  have  consequently  very  different 
terrain  and  permafrost  properties  depending  on  the  stage  of 
development  from  early  forma  with  dry  surface  conditions,  soil 
stability  and  lowering  permafrost  table  to  a  late  stage  of 
alternating  wet  and  dry  conditions,  instability,  and  high 
permafrost  table. 

A  PERIGUCIAL  UMECTONE  CYCLE  Or  EROSION 

Many  arctic  limestone  landscapes  are  readily  assigned  to  vari- 
ous stages  of  a  theoretical  erosion  cycle.  One  group  develops 
from  limited  uplift  of  an  Initial  surface  by  a  few  tens  of  meters. 
Although  this  type  is  widely  distributed  in  the  Canadian  Arctic, 
landscape  elements  resulting  from  glaciation  and  marine  trans- 
gression dominate  these  areas.  A  second  group  h.js  evolved  on 
an  Initial  surface  about  400  m  above  sea  level.  This  irvcludes 
those  areas  where  the  scenery  has  developed  on  the  Banow 


Fig.  5.    Ir.te.-ise  !rost  nvlng  and  talus  (ortnation  In  IlmcslorM 
of  North  Somerset  Island  led  to  the  disappearance  of  the  free 
face:  surface  deposit  in  the  foreground  is  a  till  with  the 
coarse  component  concentrated  near  the  surface 


rig.  6.   Changes  of  limestone  slopes  wrh  •jrrr  on  Lake 
Amadjuak,  Baffin  Island;  the  left  side  of  the  cliff  has  several 
free  faces  with  intervening  takes:  waste  is  being  removed  from 
the  base  by  wave  action:  on  the  right,  wave  action  halted 
about  6000  years  ago,  and  since  then  deep  weather  and 
sollfluctlon  have  been  dominant 


Upland  Surcflcc  on  Devon,  eastern  Cornwallis,  iwrthwcst 
Baffin,  Somerset,  and  eastern  Prince  of  Wales  Islarxis  LS]. 
Far  from  the  sea,  where  reiuvcnatlon  has  not  occurred,  the 
initial  streams  flow  in  wide,  shallow  valleys  inherited  from 
the  previous  cycle  in  which  the  valley  sidfts  axe  buried  with 
debris  and  the  stream  beds  are  choked  with  boulders. 

Rapid  incision  b<;glns  along  the  coast  and  spreads  quickly 
inland  leading  to  three  distinct  sectors  in  the  landscape-  The 
upper  section  and  the  wider  interfluves  are  in  the  uncharged 
initial  stage.   In  the  middle  section  the  rivers  have  numerous 
falls  and  rapids  controlled  locally  by  bedding  planes  in  the 
limestone;  the  valley  floor  Is  tittered  with  shattered  and  fallen 
rock,  and  the  valley  sides  arc  deeply  weathered  with  some 
scree.   The  lower  section  of  the  valley  has  a  flat,  often 
braided  floor:  the  sides  are  steep  but  are  rapidly  modified  by 
weathering  and  may  be  so  rotten  that  they  are  impossible  to 
climb,  and  it  is  dangerous  to  walk  beneath  them  because  of 
falling  blocks.   Valley  sides  formed  partly  of  rock  faces  and 
partly  of  scree  decline  until  the  composite  slope  is  replaced 
by  a  talus  slope  (Figs.  5  and  6).    Once  the  rock  face  is 
burled,  retreat  of  the  valley  side  Is  less  rapid:  without  a 
supply  of  fresh  scree,  talus  fragments  weather,  and  trans- 
portation by  rock  falls  and  talus  creep  Is  replaced  by  rock 
creep  in  which  interstitial  ice  may  play  a  significant  part. 

Ultimately,  when  the  silt  fraction  increases,  soUfluctlon 
appears.    Slopes  continue  to  decline  and  by  the  sollfluctlon 
stage  are  concave-convex  with  active  weathering  restricted  to 
the  upper  slopes  where  the  mantle  is  thin  or  absent. 

Across  the  middle  of  the  slope  transportation  is  restricted 
to  the  active  layer  that  is  rx>rmally  above  the  rock  surface, 
and  there  is  no  denudation.    In  the  concave  sector,  accumu- 
lation by  rill  wash  and  sollfluctlon  prevails.   Areas  with 
gentle  to  moderate  slopes  of  this  stage  are  lound  in  the  low 
hills  of  northern  Prince  of  Wales  Island  and  on  the  southern 
islands  of  the  Queen  Elizabeth  Archipelago.   In  some  parts 
of  the  Canadian  Arctic,  steep  and  even  vertical  slopes  are 
retained  late  into  the  cycle.    The  Buttes  area  at  the  base  of 
Borden  Peninsula  is  a  good  example. 

This  brief  examirustion  of  limestone  terrains,  particularly 
around  Parry  Channel  where  glacial  Influence  has  been  small, 
suggests  that  it  is  possible  to  analyze  polar  limestone 
terrains  as  part  of  a  conunuing  spectrum  of  changing  slope, 
particle  size,  drainage,  and  permafrost  coixlitions.    Early  in 
the  sequence  are  ephermeral  rock  pavements  of  little  relief  but 
considerable  surface  runoff:  later  Is  a  stage  of  maximum 
relief,  coarse  debdt,  and  little  surface  water,  and,  finally, 
is  a  stage  of  low  relief,  gentle  slopes,  high  clay  and  silt 
content  in  the  mantle,  high  surface  runoff  and,  from  the 
or>glneorlr>g  point  of  view,  deteriorating  permafrost  corvditions. 

The  theoretical,  orderly  sequence  of  landform  evolution  was 
disturbed  in  ix>rthern  Canada  by  the  Pleistocene  glaclations 
and  the  associated  lowlflnd  marine  transgression.   The  former 
has  affected  all  Arctic  Canada  although  on  plateaus,  particu- 
larly around  Parry  Channel,  and  in  the  lowlands  of  the  Queen 
Elizabeth  Islarvds,  modifications  have  been  slight.  The 
marine  transgression  was  confined  to  areas  below  about  100  m 
In  the  northwest  and  12S  to  200  m  elsewhere. 

LIMESTONE  TERRAINS 

There  are  three  main  categories  of  arctic  limestone  terrains. 
In  the  first  group  are  terrains  fourxJ  at  all  elevations  that  In 
the  cyclic  sense  are  youthful.  The  second  group  Is  restricted 
to  areas  invaded  by  the  postglacial  sea;  the  third  group 
includes  terrains  developed  on  glacial  drift. 

Bare  rock  surfaces  and  felsenmeer  form  the  first  group. 
Extensive  areas  of  the  former  are  rare.   In  most  uplands,  out- 
crops are  restricted  to  low  limestone  knobs  several  meters 
across  that  in  many  cases  are  shattered-  Outcrops  also  occur 
in  scarps  and  ledges  and  on  the  crests  of  low  hills  where  the 
surficial  mantle  thins  out.    Occasionally,  naked  rock  surfaces 
are  more  widely  distributed  as  on  the  west  coast  of  Brodeur 
Petunsula.   In  these  situations  the  surface  Is  often  extremely 
rough  due  to  chemical  weathering. 

True  limestone  felsenmeer  are  not  common.   Above  the 
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marine  limit  this  is  pnmarlly  because  glacial  drift  buries  the 
rock  surface  and  restricts  physical  weathering.   At  all  eleva- 
tions, but  particularly  below  the  marine  limit,  block  fields 
that  have  developed  from  bedrock  are  dlfllcuK  to  differentldtc 
from  pscudofclsenmecr.   The  latter  have  evolved  through  frost 
shattering  of  boulders  concentrated  by  frost  or  wave  action  at 
the  surftice  :rom  till.    Limestone  fels.-:Ti."ir?t:r  th.it  cortfiir. 
patches  ol  unes.  often  in  the  form  ot  patteineci  ground,  are 
rarely  if  ever  true  felsenmeer  but  have  developed  ovwr  gtoctal 
or  marine  clays  that  contain  limestone  boulders. 

The  greatest  variety  of  terrains  Is  found  In  the  limestone 
lov/lands  bf?!ow  about  100  n!  where  marine,  glacial,  and  post- 
.Inciiil  I'  fudaaJ  deposits  arr  j n;.  .-:Tilngled  (Fig.  7).    The  most 
characterutic  features  are  maiine  ridges  and  bars  constructed 
during  the  omonjorx:©  of  the  land  from  the  postglacial  sea.  On 
exposed  slopes  greater  than  about  V  elevated  storm  ridges 
are  normally  present.   A  favored  site  is  on  the  sides  of  low 
plateaus  that  are  widely  distributed  in  limestone  lowlands. 
In  the  majority  of  localities  they  have  developed  over  bedrock 
that  is  rarely  more  than  a  meter  below  the  surface .   In  some 
areas  the  limestone  shingle  has  developed  from  weathered 
boulders  concentrated  on  the  surface  of  till  or  marlite  clays. 
From  the  surface  indications,  this  situation  1|  difflettit  to 
confirm  unless  clay  plugs  break  through  to  the  surface  to  f om 
mud  circles  L2S],  or  a  natural  section  exists  in  a  gorge. 
Whether  the  stonn  ridges  are  underlain  by  rock  or  clay, 
grouMlarater  la  often  present  at  the  base  of  the  shingle  during 
th«  JWMMT'  It  may  migmt*  dOMrnstopa  and  can  pfoduco 
diffieiiH  letng  condftioM  in  undamotmd  atruotwai. 

Where  th«  ooestal  elope  le  gBntle>  gravel  and  pelibie  bars 
foim  either  along  Hw  aliore  or.  In  tome  cawa,  offahove.  Ai 
tha  land  iom  during  tha  poalglaelal  paitod,  a  itieeaiiloa  of 
ndgea  was  formed,  aapaiatad  by  da^aaloas  filled  in  euouner 
by  water  or  peat.  The  flatter  tha  ground  the  more  widely 
•paced  are  the  tldgos;  In  the  extrame  ease  whaia  tha  giound  la 
horlaontalt  they  dlaappaar  entirely  and  a  paat-eovatad  plain 
overlying  in  iom*  eoaaa  allt,  and  mora  generally  llmaitone 
plataa,  is  found.  Ground  ice  fonaa  at  the  toae  of  the  peat: 
aiBtlc-type  pelsen  with  a  cloai^loo  oora  and  lce*wedge  fla- 
wros  an  not  uncammon.  In  tt»  lonlEdJuak  Plain,  waatem 
Baffin  laland,  the  largoat  example  In  noitheni  Canada ,  large 


thaw  lakes  with  weakly  developed  orientation  have  formed. 
There  are  many  smaller  limestone  plains  of  this  type  including 
the  Cape  Kendall  area  of  Southampton  Island,  Saputlng  Plain 
near  Berllnguct  Inlet,  Baffin  Island,  and  the  cast  side  of 
Rasumssen  Basin. 

In  addition  to  marine  landforms  and  peat- covered  plains, 
the  lin  . TMi..  III',.  ;,ui  1;.  contain  more  restricted  areas  ol  rock 
outcrops  that  occur  in  low  cUM?  ^rr)  prtvi^monts  and  In  some 
glacial  deposits.    Whor  t'nr  Latti  r  i^ri    : 'i  p,  they  may  have 
survived  essentially  unmodilied  through  the  manne  phase; 
subsequent  sollfluctlon  leads  to  smooth,  rounded  slopes. 
Glacial  landforms  become  numerous  far  inland  and  toward  the 
upper  limit  of  marine  submotgonce.    In  extreme  cases  lime- 
stone landscapes  are  dominated  by  glacial  landforms  far  bolow 
the  marine  limit— as  occurs  in  the  drumlin  fields  of  eastern 
Victoria  Island  and  the  Interior  of  southern  Prince  of  Wales 
Island. 

Close  to  the  mdrlnc  limit  there  is  a  transition  of  terrains 
toward  the  main  types  that  are  characteristic  of  the  zone  abowa 
It.   The  properties  and  distribution  of  the  rubble  terrain, 
broken  occasionally  by  scree  and  rock-sided  gorges,  have 
already  been  described.  Till  terrains  above  the  marine  llnut 
often  resemble  nibUa  terrains  (Mg.  9 .  Locally  the  coarser 
fragments,  often  with  some  weathering,  aro  concentrated  on 
the  surface  and  asaOdOtad  With  sorting  patterned  ground 
develops.  The  latter  are  typified  b/  the  Amadjuali  and 
NolUlbng  Plateau  surfaces  in  western  Baffin  Island  with  their 
long  gentle  •oltfluetlon  slopes.  Vegetation  is  abaeni  axeapt 
for  scattered  plant  clumps.  The  permabost  table  is  high  and 
practically  all  praelpitatlon  nine  off  tha  surfaea.  The  main 
dlHerenoea  bom  ruUrie  tenalna  He  In  the  faint  diwnllnlcatlon, 
ocoaalonal  fluvlogjaeiat  dapoatti,  and  fraquanoy  ofanstte 
boulders. 

Ttf  main  llmaalona  tamina  have,  therefore,  distinct 
charaetairlatlca  that  anabla  tham  to  be  diatlnguKhad  readily 
on  the  ground  and— oncn  their  compleidiy  is  raoognlxad— on 
aertal  tfhetegnpha.  Ultimately,  their  properties  dailva  fnm 
tha  llthology,  gaomoiphic  history,  and  climate.  Thay  an 
assantlaliy  dltfaranl  from  limastono  tenalna  in  ether  paita  of 
th«  world,  and  nowharn  doaa  karat  in  the  aeoaplad  senna  of 
the  twm  develop. 


«Mm  HIE  m  MuwcTRct  snMN  sac  m  mxtrntnu 


Fig.      Analysis  of  the  grain  also  of  upland  UnMatone  rubbta  on  Somarsat  Island  Uafd  and  anaortad  limaatena  till  fiMoi  above 
tha  mailna  limit  (right) .  In  all  four  samples  the  alaa>fnetlon  larger  than  slave  lO  was  ramovad  in  tha  field.  The  Hone  Plain  la 
ballevod  to  have  bean  waaihad  by  glacial  malt  water  and  this  may  explain  the  smaller  allt  fraction.  Southampton  Island  till  and 
Somerset  Island  rabble  era  similar 
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PAHERNED  GROUND  IN  ANTARCTICA 

ROBERT  F.  BLACK  and  THOMAS  E.  B£RG.  University  of  Wisconsin 


Patterned  giound  In  Antarctica  has  been  laoognlxad  for  aiany 
daoadaa  and  appavantly  Is  ubiquitous  In  most  loa-fne  wwa. 
Vnlsrtnnatoly.  nfaranoas  In  tha  lltamtura  to  pattamad  ground 
In  AniatctloB  are  wldaly  seattarad  In  many  laiiguagas  and 
oofflownly  an  in  publloatlona  althar  out  of  pdnt  or  of  vary 
Uailtad  dlsMbutlon.  Moraevar,  one  finds  llttlo  standaidlxa- 
tlon  of  tama.  ao  the  natui*  of  tha  potianis  la  not  eloar  In  all 
instaneoB.  Early  eaplocws  bed  little  tine  or  Incentive  to  dig 
Into  the  minor  patlems  of  the  surflolal  tiAUes  when  so  mueb 
that  was  unknown  sunounded  then  and  backenad  thMB  OM 
moat  latarnvothars  comaionly  are  speciallMd  In  other  ftolds 
end  can  little  affbrd  time  for  such  phenomena.  As  a  conse- 
quence, most  references  merely  call  attention  to  the  presence 
of  "soli  polygons."  "host  polygons."  "tesselations."  "soil 
strips,"  etc.,  end  only  brief  observations  of  surface  morphology 
pamlt  an  Inference  of  their  tme  classification  and  genesis. 

This  report  attempts  to  cite  the  important  later  referertces  to 
arKi  some  typical  listings  of  patterned  ground  In  continental 
Antarctica  and  immediately  adjoining  Islands:  It  excludes  the 
.'.ubpolar  Islands,  oxt:fpi  ibQ^r  ol  the  Antarctic  (Palmert 
PrTiinr.vjla.    Kariior  works  included  in  bibliographies  Of  later 
references  are  not  listed  '-tt  J  irk  of  space.    Where  possible, 
with  reasonable  certainty,  ougirial  terTunolOi^y  of  tht;  various 
authors  Is  converted  to  the  standard  of  Washburn  [  1      Boca  jsc 
of  the  authors'  Interest  and  active  research  in  ice-w«dgo  and 
sarvd  wedge  polygons  and  their  usefulness  as  age  indicators, 
thoy  arc  stressed    The  field  wor^  of  Black  is  confined  to 
certain  areas  in  Victoria  Lar.d;  Berg  has  exaTilned  patterned 
ground  In  Victoria  Land,  at  the  head  of  the  Beardmore  Glacier, 
and  at  numerous  localities  on  the  Antarctic  Peninsula.  These 

Studies  have  been  financed  by  grants  from  the  National 
Belenoo  Fbuadation,  Qffloe  of  Antaieuc  Pragnaa. 


CHARACm  AND  DMTRIBimON  OF  MmBNSO  GBOOND 

Fig.  1  shows  all  loeatlons  wIhho  patterned  giound  has  been 
repofted.  For  convenience  two  oatagorles  of  patterned  ground 
aro  dlatlngulahad:  (1)  Nonserted  pelygeM,  MdudUig  lea- 
wedge  and  aand  wedge  polygons  undlffasanllatad,  and  (2) 
sorted  patterns.  inclwUaB  diidies.  nets,  polygone.  steps, 
and  sMpes.  Although  nowsoited  eiieies,  note,  and  steps  swy 
be  seen  locally,  all  known  eceunenoes  aro  eo  poorly  defined 
and  seemingly  grade  into  the  sorted  circles,  nets,  and  steps 
or  into  the  nonsorted  polygons  that  are  better  developed  IR  the 
same  locality  that  they  are  omitted  specifically  from  fills 
discussion.  A  special  note  Is  given  under  sorted  pBttsms  to 
some  large  possibly  nonsorted  stripes  in  Victoria  Land.  They 
are  not  shown  separately  in  Fig.  1  because  of  their  limited 
areal  extent.  It  should  be  clear  that  most  forms  are  grada- 
tional  Into  others,  and  the  classification  Is  applied  somewhat 
arbitrarily.   Polygons  in  bedrock  are  common  on  bedding  plane 
■exposures  of  the  Beacon  sandstone  and  have  surface  morphol- 
ogy similar  to  those  in  rubbles.   Rubble  in  addition  to  sand 
fills  the  wedges;  they  an  genetleelly  related  to  normal  sand 
wedge  polygons. 

Of  the  two  maior  grojps  outlined  above,  d; fferontiation  Of 
till!  nonaottiiJ  polygon;;  trorr.  tht?  sorted  circles,  nets,  ar»d 
polygon';  1';  niadf  ronvfiuf-ntly  l:y  size.    The  forner  have 
diameters  of  many  meters  to  tons  of  metei.';;  the  latter 
yonerally  only  centimeters  to  ?  or  J  m.    ."iirti-ri  step.';  arvd 
stripes  are  easily  dlstlnijuished  by  form.    &ec.3uso  o!  the 
large  size  -ind  strilclng  develop.Tient  of  nonsorted  polygons  in 
Victoria  Land,  they  have  rocolved  more  attention  than  other 
foms. 
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Fl8-  !•   Black  arojs  on  rr.ap  of  Antorctico  rcprnscnt  bedrock.  Pjttcmed  ground  jrcas  are  shown  by  rivjmbors  from  reference  IJst— 
underlined  numbers  Indicate  sorted  patterns,  other  numbers  indicate  nonsorted  polygons.  A«  represents  obseivattoni  by  Beiy; 
B>  rapmMiitB  mitol  pbolognftM  0.  poraoMl  couunloBtton.  Fatar  Bennl:  D,  perwMiBl  ceoummleiitton.  Rotwft  Ruttacl 


Fiom  rig.  1 ,  It  is  clear  that  aioat  patterned  ground  alono 
the  outer  Mnge  of  the  conMneiiit  owiclste  of  sorted  patterns 
wharaaa  nonsoftad  polygona  an  mora  typtoal  of  Victoria  Land 
and  of  the  inland  mualalii  mngaa  e(  tlia  oonunant.  The  oausa 
of  thla  dlitilbutlon  ia  not  fully  uiidevalood.  Ihia  and  othar 
ptoUana  ara  dlamuead  later. 

Infianeatloa  on  altltndlnal  dtaMbutlon  of  pattamad  giound 
In  Antaietlea  la  naagar>  but  It  wamnta  tba  ganamUsatlon  that 
na  pmtleular  foni  la  nametad  to  any  altitude. 

MOHflOimD  FOLYQONS 

Nonaortad  polygona  Inoluda  toa-wadga  and  land  wodga  poly- 
flona  [  a .  Many  writers  Ca.g. ,  I  to  7]  refer  to  tfaeli  wtda 
dlatnlMitlon  in  tha  lea-Urea  tewtaada  of  tlw  Mddmto  Bound 
laglon,  and  It  la  thane  that  thay  haw*  baan  moat  atttdl«d> 
Sand  wadgaa  ond  Ica-wadgaa  ara  two  donJnant  and  aaubara 
banvaen  which  mliitHna  with  all  pniportiom  of  aand  and  loa 
awy  be  found  locally  t73 .  flbnd  wadgea  cliaiaelecUa  Dw 

132 


inland  dry  araaa,  wheraas  Ica-wedgea  ara  more  conmon  along 
the  more  huBld  coaata  and  lalanda  in  the  Ross  Sea.  Oeoi^aU. 
sand  wedges  and  oonpoaltaa  with  laaa  than  SOK  too  aw  aioat 
abundant.  Nonaortad  polygona  roault  liniB  annual  flllmga  of 
thomal  oontraetlon  emeka. 

Ml  such  nonaortad  polygons  are  commotdy  4-  to  balded  in 
plan  and  S  w  30  n  in  dlaaiatar  (Fig.  2).  In  nany  plaeoa  natar 
polygona  20  to  40  ai  In  dtamatar.  aa  outlined  oy  trougba  2  to 
5  m  wMa and  0.3  to  l.S  m  daap»  ara  aubdtvldad  Into halvaa. 
tfUida.  Cf  quattora  by  nanowar  and  ahaltawar  tiougha.  banaath 
tha  ttougha  ara  wadga-nhapad  fllUnga  of  lea ,  aand,  ar  lalic- 
tuNw  of  loa  and  aand  wltb  aoeia  atonoa:  tha  apam  point 
downwaid.  Tba  fllUnga  ara  In  pamafioat:  taxtiiml  vailattan 
of  rubble  In  tha  permafroat  and  evarlylng  aetlva  layer  li  ateupt 
to  gradauonal.  Wodgoa  lango  fmi  ttln  Akoa  •  f«w  nllU* 
awiara  wida  to  ataaalva  wadgnn  up  to  C  n  wide  and  ponlUy 
7  m  high.  Wadgaa  1  to  4  ii  wlda  and  laaa  than  8  n  bigh  aaa« 

It  baa  bean  known  lor  daoadaa  Oiat  Ica-wadgaa  gn  tbiough 


Copyrighted  material 


rig.  2.   Air  view  ol  nonsorted  polygont  In  e«*tem  Wright  Valley,  along  and  in  Onyx  River.  Note  range  of  surflclal  expression 
fiom  youthful  narrow  troughs  in  the  actlv*  floodplain.  through  the  double  raised  runs  adjacer^t  to  troughs  in  the  older  floodplain. 
to  the  older,  wide  troughs  surrounding  high  centers  In  the  Older  higher  area*.  Approximate  «calc  In  center  of  photo  is  20  m 
per  cm 


a  sequential  development  that  permits  one  to  interpret  their 
age.  and  the  same  development,  although  more  irregular, 
holds  true  for  sand  wedges  L2,  7].    Their  surficial  expression 
at  most  places  is  a  reflection  of  their  age  in  the  specific 
geomorphic  setting  (Fig.  2).  Although  generalizirtg  is  diffi- 
cult, because  of  exceptions,  most  youthful  wedges  are  ex- 
pressed by  narrow  troughs  of  the  same  or  slightly  greater 
width  than  the  underlying  wedges  (Fig.  3);  old  wedges  com- 
monly have  troughs  over  them  that  bear  only  partial  resem- 
blance to  the  underlying  wedges  (Fig.  4) .   Centers  of  youthful 
polygons  are  not  disturbed  by  the  narrow  wedges  and  commonly 
are  flat.   Centers  of  smaller,  old  polygons  commonly  are 
disturbed  by  growlr^g  wedges  and  range  from  flat-  to  high- 
centered.   Intermediate  wedges  commonly  are  reflected  by 
double  raised  rims  adjacent  to  the  sides  of  the  underlytmg 
wedges  which  force  material  to  the  surface  faster  than 
erosional  processes  remove  it.    Spacing  between  rims  may 
be  less  than,  equal  to.  or  greater  than  the  width  of  the  under- 
lying wedge-   Polygons  with  double  raised  nms  generally  have 
low  centers.   Actual  surface  expression  varies  tremendously 
from  place  to  place  because  of  (I)  age  of  the  wedges,  (2) 
liUtlal  topography,  (3)  presence  or  absence  of  burled  glacial 
Ice,  and  (4)  size  distribution  and  moisture  content  of  the 


material  in  which  they  arc  found.    Tor  example,  note  th« 
variety  of  polygons  in  Fig.  2  and  contrast  the  trough  In 
bouldery  material  of  Fig .  4  with  the  sandy  stream  area  in  th« 
first  photograph. 

SORTED  PATTERNS 

Sorted  patterns,  including  circles,  nets,  polygons,  steps,  and 
stripes,  are  widely  distributed  in  the  active  layer  of  ice- free 
areas  ol  Antarctica  and  are  not  confined  to  any  altitude 
[3,  8-26],   However,  literature  references  to  them  Indicate  a 
greater  abundance  or  better  development  alor>g  the  outer 
coastal  fringe  of  the  continent.    Even  there,  most  references 
[e,g.  ,  16.  21  ,  26J  point  out  that  the  dryness  of  the  soil  or 
active  layer  and  lack  of  vegetation  prevent  them  from  achiev- 
ing the  striking  development  so  characteristic  of  many  arctic 
regions-   They  may  also  go  through  a  sequence  of  subdivision 
as  In  the  Arctic  l27]  .   The  frost  stirring  that  produces  them  Is 
a  complicated  process.   Most  are  small  forms,  only  centi- 
meters to  2  or  3  m  In  diameter  for  circles,  polygons,  or  indi- 
vidual components  of  nets.    They  are  a  few  centimeters  to  a 
few  decimeters  across  for  steps  or  stone  stripes.  However, 
stripe*  also  may  be  many  meters  to  tent  of  meters  wide  aiKl 
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Fig.  3.  Ground  view  of  youthful  nonsorted  composite  wedges,  stvowinij  w: .  in,,  into  last  winter's  contraction  crack.  Delia 
at  northeast  corr^r  of  Taylor  Valley.   Ice  ax  Indicates  scale 


hundreds  of  motors  long  as  in  Victoria  Land  L3]  (Ftg.  S)  and 
In  the  Prince  Charles  Mountains  [  1 1  L 

Not  all  sorted  patterns  are  produced  by  the  same  processes. 
In  the  Prince  Charles  Mountains  L 1 1 J  sorted  mounds  of 
boulders  and  pebbles  4S  to  60  cm  high  and  3  to  4  m  from  center 
to  center  arc  separated  by  strips  of  "finer  grained  materials.  ' 
In  the  Dufek  Massif        sorted  polygons  1 .  5  to  3  m  across 
have  fines  in  elevated  centers  and  cobbles  and  boulders  on 
the  sides.    These  elongate  on  hillsides  Into  stone  stripes. 
Sorted  polygons  and  circles.  IS  to  ISO  cm  in  diameter,  are 
common  over  shallow  permafrost  (30  cm  depth)  In  the  South 
Shetland  Islands  lIO],    Solifluction  lobes  result  from  thaw 
of  burled  ice  lio].    Markov  [I6l  shows  excellent  •sorted 
polygons  in  his  photo  6.  a  sorted  circle  in  his  photo  7,  and 
well- sorted  small  (spacing  estimated  5  to  2S  cm)  soil  stripes 
in  his  photo  8,  from  Bunger  Oasis  ar>d  Sandefjord  Bay  in 
eastern  Antarctica.    Larger  stripes,  with  spacing  ol  60  to 
100  cm  arc  reported  from  a  knoll  rising  out  ol  the  lower 
Ncwall  Glacier,  Victoria  Land  [3..   The  writers  have  seen 
locally  In  Victoria  Land  well  developed  sorted  stripes  with 
spacing  of  20  to  200  cm  and  weakly  developed  sorted  circles, 
nets,  polygons,  and  steps.    Berg's  studies,  however.  Indicate 
that  the  best  development  ol  sorted  patterns  may  be  expected 
on  the  Antarctic  Peninsula. 

An  unusual  occurrence  of  apparently  nonsorted  stripes  In  an 
area  of  reported  tllllte  between  Mawson  and  Mackay  Glaciers, 


Victoria  Land,  is  produced  apparently  by  wind.   Wind  rows 
of  pebbles  one  layer  thick  are  oriented  iwrmally  to  prevailing 
winds  and  are  a  lew  meters  wide  and  several  hundred  meters 
long  with  separations  of  bare  lillite  several  meters  wide  .  3], 
In  several  places  in  Victoria  Land,  the  authors  have  seen  from 
pianos  or  in  alrphotos  apparently  nonsorted  large  stripes  on 
steep  slopes  associated  with  lartjo  glaciers  (Pig.  S).   Uttle  Is 
kixjwn  of  thoir  composition  or  genesis  for  none  has  been 
studied  on  the  ground.   They  probably  result  from  mass  move- 
ments where  strong  winds  and  driftirtg  snow  modify  and 
channel  the  slopes  parallel  to  the  strong  winds  [3,  22]. 

AGE  AND  SIGNIFICANCE  OF  PATTERNED  GROUND 

In  spite  of  the  lack  of  knowledge  of  growth  rates  of  the  vari- 
ous forms,  patterned  ground  has  been  used  by  many  writers 
as  an  age  Indicator.   In  the  absence  of  quantitative  data, 
such  usage  is  reduced  to  expressions  of  faith.  Otherwise  how 
can  wo  account  for  Interpretations  of  age  of  literally  decades 
to  mlltenla  for  the  same  features  [S,  28j  ?  Patterned  ground 
locally  can  be  preserved  beneath  small  inactive  Icefields  C29] 
and  perennial  snowfiolds,  but  moving  glacier  Ice  would  modify 
or  destroy  Ice-wedge  or  sand  wedge  polygons.   They  cannot 
form  beneath  glaciers. 

The  preference  of  sorted  patterns  to  He  on  the  outer  fringe 
of  the  continent  and  of  nonsorted  polygons  to  dominate  in 
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Tig.  4.  Ground  view  of  old  sand  wedge  trough  in  txiuldery  moraine  of  Soacor.  V.ili.  .  Victoria  Land.  Tho  sand  wodgo  If  4  m 
wide  and  extends  under  the  boulders  on  either  side  of  the  central  sand  xone  (shovel  marks  right  edge) 


Victoria  Land  and  interior  mountain  ranges  seems  clear. 
Generally  the  outer  coastal  fringe  is  more  humid  and  is 
charactertzod  by  greater  precipitation  and  greater  depth  of 
seasonal  thaw  than  are  In  either  Victoria  Land  or  the  interior 
mountain  rar>ges.  According  to  Berg's  data,  Ice  saturated 
soils  contain  generally  1S%  to  20%  water  by  weight.  However, 
sou  moisture  above  about  S%  in  active  layers,  about  40  to 
80  cm  thick,  aids  sortlrvg  of  unconsolidated  materials,  whereas 
lower  soil  moisture  arxi  thinner  or  thicker  active  layers  do  not. 
Except  for  the  outer  coastal  fringe,  most  active  layers  arc 
less  than  40  cm  thick.   Permafrost  is  continuous,  and  sca- 
soruil  temperature  changes  are  more  than  ample  to  produce  ice- 
wedge  or  sand  wedge  polygons  in  all  the  continent.  Including 
the  coastal  fringe.  A  paucity  or  lack  of  sand  reduces  or  pre- 
vents sand  wedge  polygons;  very  low  humidities  and  low 
moisture  content  (less  than  3%)  of  the  active  layer  In  much  of 
Victoria  Land  and  in  the  interior  mountain  rariges  favors  sand 
wedge  polygons  over  ice-wedge  polygons  and  tends  to  reduce 
"frost  action"  that  brings  about  sorting.  Accordirvg  to  the 
distribution  ol  sorted  polygons  in  wet  areas  near  glacier 
termini,  it  seems  likely  that  much  more  time  is  required  to 
produce  well  developed  nonsorted  polygons  than  the  sorted 
patterns-   The  latter  are  restricted  to  the  active  layer  and 
seemlrvjly  need  only  years  or  decades  to  grow  into  obvious 
forms,  whereas  nonsorted  polygons,  except  under  very 
favorable  conditions,  require  centuries  or  millenia  to  l>e 


truly  striking.  Time,  since  doglaclatlon,  may  be  a  difficult 
factor  to  evaluate,  except  locally,  in  the  light  of  present 
knowledge  of  the  distribution  and  character  of  the  various 
forms  of  patterned  ground. 

Theoretically  ice-wedges  will  Increase  their  growth  rate 
with  time  as  more  and  more  ice  is  added  to  the  ground, 
approaching  a  maximum  rate  where  all  the  ground  responds 
as  does  Ico  to  temperature  changes.  Growth  rates  Of  sand 
wedges  theoretically  will  diminish  with  time  as  loose  sand  Is 
added  to  the  ground,  leavirtg  small  cores  of  ice-cemented 
material  in  the  centers  of  polygons  too  small  to  crack  under 
the  seasonal  temperature  changes.   All  variations  between 
may  bo  expected  as  moisture  content  o(  the  permafrost  is 
changed  with  time.    Most  localities  investigated  to  date  In 
Victoria  Land  have  active  wedges— that  is  ice-wedges,  sand 
wedges,  and  composite  wedges  are  still  growing  today.  Most 
wedges  examined  are  composite,  have  mixtures  of  sand  and 
ice.  and  are  cemented  so  that  contraction  of  permafrost 
permits  cracking  within  the  wedge. 

Significantly,  none  of  the  wedges  examined  has  ceased 
growing  in  width.  This  poses  an  artomalous  situation  with 
regard  to  the  glacial  chronology  [30j  proposed  for  Victoria 
Land.  We  can  assume  that  permafrost  has  been  present  in 
Antarctica  since  doglaclatlon  l31]  except  for  local  destruc- 
tion by  goothormal  heat,  marine  inundations,  ephemeral  lakes 
and  streams,  and  the  like.   No  climatic  change  is  indicated 
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throughout  the  Pleistocene  sufficient  to  destroy  permafrost 
or  prevent  Its  growth  [3l].   With  permafrost,  patterned 
ground  would  start  Immodlately  after  deglaciation.  Exempting 
local  goomorphlc  complexities,  polygons  should  go  through 
their  normal  sequence  of  growth,  reaching  an  equilibrium  in 
the  case  of  pure  sand  wedges  at  which  growth  coasos.  It 
seems  likely  that  a  maximum  width  of  some  sand  and  com- 
posite wedges  will  bo  reached  ultimately  beyond  which  the 
width  will  not  change  even  though  contraction  craclung  and 
infilling  of  sand  occurs  in  the  center  of  a  wedge.   This  point 
Is  reached  when  the  wedge  Is  so  wide  that  shear  and  flow  of 
material  to  the  surface  Is  accomplished  within  the  wedge. 
Unfortunately,  such  mechanical  deformation  is  rx>t  uniform 
(com  place  to  place  or  time  to  time:  deformation  is  apparently 
dependent  on  rate  of  temperature  changes  which  brlrvg  about 
closure  of  the  crack  (in  other  words,  rate  of  stress) ,  on  the 
temperature  of  the  material  which  flows  or  shears,  on  its 
moisture  content  as  related  to  Its  texture,  etc.    Widths  of 
5  to  6  m  may  be  of  a  general  order  beyond  which  satxl  wedges 
cannot  grow  even  though  they  remain  active;  wedges  approach- 
ing these  dimensions  are  known.    Ice-wedges  theoretically 
can  replace  all  unconsolidated  ground  with  ice,  but  none 
approaching  this  stage  Is  known;  only  very  youthful 
Ice-wedges  (less  than  2  m  wide)  have  been  seen  in  Antarctica. 

The  basic  problem  is  to  determine  whether  the  areas  with 
sand  and  composite  wedges  of  maximum  size  have  reached 
equilibrium  or  can  no  lor^er  giow  In  width  because  of  Internal 


flow  and  shear,  thus  eliminating  them  for  dating  purposes 
(except  minimal),  or  whether  their  widths  are  still  changing. 
This  has  not  boon  accomplished  in  all  instances  examined  to 
date.   However,  rates  of  growth  of  nonsorted  polygons  now 
being  studied  are  ktx>wn  sufficiently  to  provide  limits  for  the 
McMurdo  Sound  area  [17,  32,  33].   Of  SOO  wedges  measured 
in  1961-62  and  1963-64  at  five  Sites,  the  average  annual 
Increase  In  width  was  0.  3  mm  to  S  mm.   Contraction  is 
greatest  where  water  content  of  permafrost  is  greatest,  be- 
cause coefficients  of  thermal  expansion  of  Ice  are  roughly 
five  times  that  of  rock.    However,  growth  in  sand  wedges  is 
achieved  by  infalllng  of  debris  into  winter  contraction  cracks. 
An  area  of  free  flowing  sand  provides  optimum  material  for 
growth— oven  greater  than  growth  of  ice-wedgos  where  reversal 
of  thermal  gradients  in  spring  moves  moisture  from  the  air  and 
active  layer  into  the  open  contraction  crack.    Growth  of  hoar- 
frost in  contraction  cracks  also  occurs  In  sand  wedges  In  dry 
valleys  but  to  a  lesser  degree.    Presence  of  free  running 
sand  Is  required  for  pure  sand  wedges;  many  wedges  are 
mixtures  of  sand  and  rubble.    Strong  temperature  gradients 
and  high  local  humidity  arc  required  for  ice- wedge  growth. 
Ice-wedges  seem  to  grow  more  slowly  on  the  average  than 
many  sand  wedges,  but  perhaps  more  uruformly  (about  0.  S  to 
1  mm  per  yeai^  . 

Based  on  wedge  growth  of  0.3  to  I  mm  per  year,  no  locality 
of  nonsorted  polygons  requires  more  than  about  10.000  years 
to  produce  the  wedges  examined.   Could  all  have  developed 


126 


laterial 


onjy  since  the  rl.n-atic  optimum  dated  in  Antarctica  botv»e8r» 
about  15,tlUU  arvd  fe.OUU  years  ago  [  34]  ?  If  so,  they  are 
compatible  with  the  youthfulness  of  lichens  .35]  ,  the  recent 
development  of  oases  in  east  Antarctica  [21  ] .  and  the  con- 
cept of  deglaclation  and  formation  of  the  dry  valleys  of 
Victoria  Larkd  resulting  from  rapidly  rising  ««a  l«vels  begin- 
ning about  18.000  years  ago  rathar  than  froin  climatic 
factors  [36}.    Some  lateral  moraines  on  valley  sides,  with 
dn'  surface  zones  1 . 5  to  2  m  thick,  have  no  surface 
reflection  of  wf>-dg»s  and  may  b*  too  old  to  dato  by  this 
method . 

C.5rf»n  1  •;  Tl.ite5  of  rr. jrr.rr.i t icl  ;;e.il  c^irciisses  Indicate 
ages  of  rijny  centuries  to  several  n"iillonia  37j,  of  algaa 

in  kettles  on  ice- cored  rrora i nes  of  many  nil lenia  l  5]  ,  and 
of  ir.dinn<!  .Tiolluslcs  ir.  itu.ir.d  Ji-t.o!iit.".  of  several  lens  of 
thousands  of  years  1.36..    Interpretation  of  these  dates  In 
support  of  great  age  for  deglaciation  and  of  a  long  Pleistocene 
glacial  chronology  of  the  dry  valleys  has  been  commonplace 
iS.  30.  36,  39,  40],   Such  chroiwlogias  at*  sevaral  orders 
of  magnitude  too  old  according  to  tha  patterned  ground.  9om« 
suggestion  that  the  carbon  14  dates  are  much  too  old  b«cauBa 
of  the  different  concentration  of  carbon  14  in  Antarctic  waters 
Is  offered  by  Broecker  .Sj.    Further,  the  ancient  shells  even 
if  oomctly  dated,  provide  only  a  data  on  thalr  growth  and  not 
on  tlw  ttnw  of  tb^  transportauon  to  thalr  prasem  site.  This, 
toe.  proMMi  WM  problams  L38l  that  cannot  b*  discussed 
har*.  No  gtoawtphlc  event  has  ba«n  roaogitlMd  which  would 
suggest  that  pattamed  giound  giws  zoomtly  In  aiKh  older 
glacial  deposits-  Patterned  giound  loosUy  Is  Mng  oxhuimd 
from  beneath  thick  enow  or  thin  inaetlve  lee  cover  In  •ccumm* 
toUon  baetn«  nt  high  elcvationi.  Its  distinctive  geomorphle 
setting,  surface  laorphology.  and  new  wedge  growth  distin- 
guish It  from  patterned  ground  whose  gimsth  has  not  bean 
intamipted.  Hoercvar.  wedBos  on  the  timer  and  outer  sMes 
of  nnnlnes  of  suppossd  pre-Wtseonsin  gtactatiens.  lor 
eomnpto.  In  Taylor  VaUay.  differ  only  by  centuries  or  a 
mlUenlum,  according  to  thalr  widths  and  ailnlanun  SMasuiad 
growth  rates.  The  authors  recognise  no  patterns  inhatltod 
bom  interglacial  umes  in  the  large  valley  bottoms. 

According  to  the  patterned  grounds  maiw  lea  fronts  tn 
Vletoila  land  ars  as  ter  advanced  as  tbay  have  bean  fbr 
savoml  thousand  years.  Sosm  fients,  such  as  Taylar  Olaelar 
in  BaaooB  Valley,  have  been  stuble  for  lOO  lo  300  years. 
OHwrs  have  advanced  and  sosm  have  rstraatad  duftag  tha 
sane  inteival.  Mo  ocnslstant  ccnoiatlen  of  slaa  of  a  gladar, 
or  Its  position  or  altitude,  has  been  aiada  with  stagnancy, 
rsttaatt  or  advanca  1 331.  Most  largo  glaciers  have  individual 
segskants  tapreswrtlng  all  three  oondttiona.  according  to  the 
nuigliial  potteinad  giound  and  other  lAtanoaiana.  The  general 
condition  of  equlUfartum  suggested  by  several  writers  L4lJ 
saoms  conflmcd. 

Fallamad  ground  anist  also  be  oonelated  with  other  gao- 
rnor^lc  proeassas  and  phono— na  such  aa  firost  disaggraga- 
tlen.  wind  erosion  and  dapositien.  vantlfaeting,  etc.  l3.  30. 
37.  41 , 42],  but  they  era  beyond  the  aoopa  of  this  discussion. 
In  gananl  they  lack  an  adaquata  tlsie  aesla  or  mta.  One 
isator  pnUam,  that  of  soli  salts  ClO.  37.  43.  44]  of  calcium 
eattaenata.  silnsblllta  (hydieus  ealeiusi  sulfati) .  ehlorldas, 
lodstas,  and  others  which  are  conunon  and  wldaspread  in  all 
loa-ftaa  anas  of  the  Antarctic,  needs  siantlon.  In  places, 
deposits  of  those  salts  are  cut  by  pattamad  giound,  and  salts 
also  occur  In  wedge  Qlllngs.  As  laiga  snsaas  ars  found  in 
tha  dabils  on  Ica-ocrad  awssinas  and  within  tha  glacial  lea. 
thay  Bust  pradata  the  lea  advance  Invelvod.  Aetlva  layors 
are  today  too  thin  and  cnnant  waatiiering  of  surfloial  nibbtas 
tee  slight  to  provide  the  velune  and  vaitety  of  salts  seen  [37]. 
Piaglacial  accumulatteis  bom  weatiwilnB,  marine  salts  cen- 
eoninted  In  diffavsnt  ways,  and  toeal  bydnthsfsiat  asHHWittons 
all  seen  Ukaly  souioas  for  the  Initial  salts  t43] .  No  ovl- 
tfanea  of  imp  tfwsr  or  dasp  waanihsclng  is  associated  with  the 
salts.  Yhey  are  now  being  nwwed  In  the  active  layer  by  capil- 
larity [37]  from  water  supplied  by  the  melung  of  ice  crystals. 
The  ice  crystals  are  addad  under  strong  thermal  and  vapor 
pressure  gradients  throughout  the  year  [7].  The  relationship 
of  tha  salts  to  patterned  ground  Is  compatible  only  If  old 
salts  are  being  recyoled. 
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PAnERNED-GDOUND  RESEARCH  IN  CANADA 

FRANK  A.  COOK,  Department  of  Mines  and  Technical  Surveys,  Canada 


A  review  of  pericjlacial  pherorr.ena  In  Canada  was  publlshad  liy 
the  author  in  19i9  ^  1  j  arid  later  expanded  for  the  First 
Int  jmticnal  Symposium  or.  Arctic  G<<Dloqy  held  in  C.-iiijdry, 
Albetta ,  Canada,  I960  [2..  This  paper  summarizes  research 
In  Canada  .'.ince  th.st  Iimc,  and  the  extensive  rafaroncai  given 
in  the  previous  works  are  not  duplicated. 

DEVELOPMENT  OF  PERIGLACIAL  STUDY  IN  CANADA 

Pattamad  Bround  and  oibar  pettglaolal  phanonwna  In  Canada 
warn  not  tmrastlBatcd  until  Hw  opanlng  of  tha  Canadian  North 
fdlkwing  World  War  O.  Improvad  tmnapoitation  and  communi- 
cation fbellitlu  gava  natural  adantlats  an  opportunity  to  con- 
duct raoonnaf  aaanea  studios  ow  vest  mtm  areas  where  perl- 
glaelat  processes  were  still  actlvo.  Publleatlen  than  of 
VTasht j.-n'f,  uniLort.iiii  papers  [3,  a1  strongly  influenced  the 
Study  01  pongiisci^l  {.henomena  in  Canada,  particularly  that  of 
pattamad  ground,  examination  of  active  forms  dominates  the 
floM,  with  almost  no  study  of  fossil  forms.  There  has  been 
piaetleally  no  attempt  to  assess  paleociimatoioaical  condi- 
tions fioiB  fOssll  forms,  nor  apply  them  to  problems  of 
Pleistocene  stratigraphy. 

In  1956  Canada  became  a  member  o!  the  Commission  on 
Periglacial  GenTinrprinioijy  n[  th-:"  Irtprr.a'.iona I  Li.znphy sicri  1 
Union  [S.,  arid  has  b-?en  r.:'pr-:'i.jr.te J  jt  all  ^i-cc>:-eairig  sym^ 
fC'Hia  ol  th.;;  Cot..tii  e  sion    h  ,     j  .    A  ^.,=l!lC.^F1l  Canadian 
cocr.mr.t.2e  v/as  loi^i€^'Z  111  155-  .B,  S.,    Cotiimjl'.itf!  meetings 
were  held  in  Quebec,  C^ly.iry,  and  Ottawa  [  10.  .    Thi-  -r  uri 
objective  is  to  coordinate  research  In  the  field  of  penylacial 
jr.::niorphology  in  Canada,  Including  the  study  ol  patterned 
ijround  L  1  1  ,  12].    In  May,  1963,  the  Canadian  committee 
sponsored  a  syrr.po  .j  ..m  at  the  annual  meeting  of  the  Canadian 
Association  of  Geographers  held  at  Quebec  on  problems  of 
mappirvg  in  penglacial  aroas.  TWO  papars  [13,  14J  provided 
much  useful  discussion. 

Recer.t  research  includes  the  following  studies  of  patternad 
ground:    Developnent  of  field  techniques  (including  both 
Instrumentation  and  quar,ma:ive  analysis  of  data):  and  the 
documentation  of  data  observations  with  its  geographical 
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distribution,  the  effects  of  climate  and  rock  type,  and  tha 
reqiorial  analy!!is  and  mapplnij  of  periQlaclal  forms. 

li'ipcri.Hi.t  ac;fricl<!S  are  the  Geoit.t,  hir.il  Branch  Of 

the  department  ol  MineL;  and  Technical  Sup-'eys  and  the 
Division  of  Building  Research  at  the  National  Research 
Council,  Ottawa;  the  Arctic  Institute  of  North  America:  and 
the  universitifs— chlelly  the  McGill  Univitrsily  Sjb-Arctlc 
Research  Laboratory  at  Schollerville,  th«  Centre  d'etudes 
nordiques  a  I'Unlvarslti  Laval,  and  the  Unlvaralty  of  Bntlah 
Columbia . 

RECENT  RESEARCH 

Williams  has  done  considarabla  work  at  SchellervlUe  and 
elsewhere  on  quantltallva  maasuraniants  of  soil  novamant  in 
frozen  ground  phenomena,  such  as  solifluction.  This  Includes 
the  developraant  of  instrumentation  for  determination  of  sub- 
surfaoa  soil  laovements  [is  to  19i.   Haywood  [20J  and 
Undraws  [2l]  raported  on  apparatus  installed  at  SchefferviUa 
for  m^asuroment  of  frost  heava.  tx  consisted  of  six  matal 
posts  concreted  to  bedieck  Within  a  leveled  horizontal  fraiM 
10. 5  ft  square.  A  crossplaca  was  bolted  to  the  frama  avary 
IS  ft,  with  holes  drilled  through  at  intervals  of  1.5  ft.  Than 
64  vartical  rods  were  lowered  through  tha  fnma.  parmltttng 
aaasurement  of  heave  over  the  area  that  had  a  variety  of  cover 
typas.  Considerat^le  differential  heaving  was  noted.  Mathews 
arid  Maekay  [22]  described  instrumentation  developed  to 
measure  tba  snow  craap  on  Mount  Seymour,  B.C.,  from  19S8 
to  1962.  Praliatinanr  results  show  displacement?  from  2  to 
3.6  ft  In  a  alngla  winter  within  the  bottom  3  to  6  in.  This  nay 
be  Important  In  formation  of  aiMaa  pattamad  ground  fbrms,  and 
in  the  onwamAM  of  loose  stones  fiem  bedioek  araas. 

Incraeslng  attention  has  been  paid  to  climatic  fticttrs  con- 
ualUng  the  dlstrtbutlon  of  certain  fiotan  ground  phenomena, 
wmtams  [23)  found  (hatt 

(a)  The  deveiopirn  nt  c  p.i^'isrned  ground  and  souH-ction 
requiring  dttcp  arr  i.al  frost  penetration  depend'?  mi  t.hc 
pro.xin;ty  ni  the  mean  annual  (grouriil  ten-.perat ure  to  0°'C 
rather  than  on  the  intensity  of  winter  cold  (the  mean  annual 
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air  temperature  of  3  C  was  suggested  as  markn  g  i  ro  .yh 
liinit  of  their  development.);  (b)  large- scale  soUfluction . 
requiring  a  deep- lying,  still- frozen  layer  in  the  spring  Is 
restricted  to  areas  with  somewhat  lower  mean  annual  air 
tenperaturea  (l°C  Is  suggested  as  an  approximate  limit); 
and  (c)  variations  tn  r^umber  of  fossil  forms  of  patterned 
ground  and  soUfiuction  arc  to  be  related  to  the  period  of 
time  during  which  conditions  might  have  existed  for  the 
essentially  slow  movements  of  material  Involved,  Suffi- 
cient •xperimental  evidence  has  been  provided  C24j  to 
eonelude  that  altcinatitvg  freezing  and  thawing  li  not 
neeeaMiy  for  frost  heaving  in  certain  clays. 

The  impectenee  ot  fieete-thaw  cycles  in  the  active  layer 
haa  Intafeeted  wcukera  in  pattarnad  ground  lor  a  coaalderable 
tliM.  Many  hove  easuaiad  that  these  cycles  are  muaenus  In 
perigledal  legtons  end  sfe  very  effective  In  sorting  pttteeises 
of  patterned  ground.  The  number  of  cycles  at  Resolute .  NWT. 
were  found  to  be  surprisingly  small  l2$,  26].  In  1960,  there 
were  only  23  ranging  ffoai  28°  id  U't,  19  mogliig  fhnm  26*  to 
34*r,  and  7  tanging  firom  2S*  to  3S*F.  At  depths  ImIow  a  few 
oentlmotars.  only  the  enmial  cycle  was  lecorded.  similar 
results  (14,  27]  were  repanted  bom  Isechsen  on  Ellesmere 
Islaml.  In  analysing  wofk  by  Haywood,  Andrews  l3l]  noted 
that  the  nnmat  feest  eyde  w«s  the  only  signlfieant  cycle  at 
Seheflarville.  The  whole  concept  of  mechanical  waadieilng 
of  die  isantla  due  to  frequent  osdUetlons  around  the  freeslnB 
point  needs  revising.  It  riiOnld  be  enqdmslsed  that  tn  the 
Canadian  Aiette.  ttase  aw  no  cycles,  apart  from  the  annual 
cycle,  at  depths  below  a  few  oenumeters.  and  it  foUowa  that 
aesunvtions  stfU  widely  held  among  eome  geographers  and 
geologlata  (that  frost  cycles  are  n  vigorous  process  prodnelno 
fiost  splitting  at  depths  In  arctic  countries  today)  are  not 
valid.   St-Onge  L27,  28]  discussed  the  relationships  between 
climate  and  rates  of  erosion  of  various  rock  types  in  Arctic 
Canada.  Cook  L29]  observed  that  present  methods  of  meas- 
uring  rainfall  tn  high  arctic  areas  of  scant  rainiall  fall  to 
take  Into  consideration  the  Im porta noe  of  trace  days  to 
geocnorphlc  processes. 

Previous  inventories  of  periglarial  phenomena,  including 
patterned  ground,  were  made  by  Cook  Ll,  2,  JOj.   In  the  past 
several  years.  :'?f<^rf;  hn-n  become  mOM  numeTOUe.  With  a 
wider  geo(]Tap--jicjl  distribution. 

Arr.o:-,Q  \-.<-  .-n.ijoi  ■/.■ntkr,  h.».Vf  tjivr.  tht>  irTjtjs  of  repoitS  by 
the  RanJ  Ctirpor.ilifin.  .S.^.iit.i  tvlon.i-i.  pri'tj.-itrtcl  by  the 
Department  of  c;.7cigi.5|iriy ,  McvJ.li  I'r.iv.-rsity.    V.'hili'  if-.'-y 
are  broad  phy sioyijp.'iic  dcscriplit-.r.s,  much  tlatii  patterned 
ground  are  includ-id.    Arr.3s  studied  include  rx>rth  Baffin 
Island  [31],  central  Baffin  Ular.d  [32],  southern  Baffin 

Island  [  33J .  eastern  Victoria  Island  [  34J ,  Great  Bear  area 
C  35] .  Thelon  River  area  [  36j .  and  the  Quoich  River  area  [  37] . 

The  arctic  regions  of  Canada  continue  to  receive  attention. 
Robitaille  has  noted  patterned  ground  on  Prince  Patrick  Island 
[  38]  and  on  Cornwallis  Island  [  3yJ .  Thorstolnsson  C40] 
discussed  forms  on  Melghen  Island,  and  Smith  [4l]  described 
soil  patterns  In  the  Lake  Hasen  region.  References  to  pert- 
glactal  phrniOHienB  In  the  north  central  district  of  Mackenzie 
were  made  by  Cknig  [42];  and  Bird  C43]  and  Bird  and  Bird  [44] 
have  aoMd  oecaawnoet  in  eentnl  and  southern  Arctic  Canada, 
especially  la  the  Bathurst  Inlet  area,  NWT. 

lafarader-Ungnva  hae  received  eome  consideration. 
Williams  [4S)  has  discussed  the  developaMnt  and  significance 
of  stoiqr  aartfi  drcias  in  the  Soheffervllle  area,  toy  C46. 47] 
related  awaets  o(  ellmste  and  postglacial  rsllef  at 
Scliaffefvllla  and  discussed  patterned  ground  phenomena  in 
tabrader^Ungava.  Andrews  [46.  49]  compared  the  develop- 
ment ol  scree  slopes  tn  the  English  Lake  dletilct  and  oanunl 
tabrador.  and  leappralsed  (be  work  of  Twidale  CSO]  on 
"vallons  da  giUvatlon"  in  Labtador^Vngava.  Andrews  sug> 
gastad  that  often  frost  action  is  given  tor  the  origin  of  many 
fame  whose  gaaasis  was  a  vary  diffkrant  proeasi. 
Robitaille  CSl]  cowplelad  a  geosierpholegloal  survey  of  the 
Quebec  ahora  of  Hudson  Bay.  npoiting  on  perlglaclal  laotaras 
la  die  area. 

Kamalln  [S>]  studied  pariglaelal  conditions  In  Canada!  in 


dealing  with  the  aspects  of  process  and  chrorvology ,  he 
divided  Canada  Into  eleven  perlglaclal  provinces.    The  paper 
concludes  with  a  glossary  of  new  terms  suggested  for 
adoption.  Hamelln  and  CUbbon  LS3]  prepared  e  bilingual 
perlglaclal  vocabulary  (French- English)  In  an  attaaipt  to  solve 
some  existing  pioUems  In  terminology. 

CONCLUSIONS 

Study  of  patterned  ground  in  Canada  Is  still  in  an  early  stage, 
having  developed  only  since  World  War  II.    Study  of  active 
rather  than  fossil  forms  has  been  emphasized .   Little  attempt 
has  been  nude  to  use  data  in  paleocltmatoiogicai  studies  or 
in  problems  of  Plelsloeene  slntignphy.  Most  studies  have 
been  sponsored  by  the  laiger  rsseeteh  institutions  mtA  as  the 
Department  of  Mlnea  and  Technical  Surveys  and  the  Natlonsl 
Heseerch  Council.  Ottawa,  the  Arctic  Institute  of  Mortb 
America,  and  universities. 

ImrafHanr  of  perlglaelal  phenomena  is  far  tram  oomiilete. 
Collaboiatlon  of  gaomorphologists  with  soil  scientists,  engi- 
neers, ar^sologists,  and  others  ntfght  be  helpful.  Avatlabia 
data  on  pettamed  ground  are  enttraly  inadequate  for  the 
mapping  of  regions  or  tor  oorrslattoos  with  climatic  fsclors. 

The  eoneept  of  maohanicat  woatfaering  of  the  msntle  due  to 
frnquant  fraaaa-ttaw  eyelaa  naads  ravlslaB,  alaca  results 
Imn  Aietle  Caaada  show  that  there  are  no  eyelas  apart  tfom 
tiie  annual  cyola  at  depths  below  e  few  osntisMters. 
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EXPERIMENTS  ON  SORTING  PROCESSES  AND  THE  ORIGIN  OF  PATTERNED  GROUND 

ARTOIIO  B.  com,  Onlvoraldad  dal  8ud.  Bahla  Uanca.  AiganUm 


aOftflNQ  JMTO  DBraESnONS 

Local  variationa  tn  teat  boava  of  aoila  eaa  taa  axpactad  to 
pfoduea  aioiBMa  and  dafmaalAM  aflOeli  eaa  affaet  aoftlag. 
Field  and  laboiattMty  axpoitamilfl  km  baan  partoniad  Jn  oidar 
to  obaaiva  aottliiv  ty  giavMstton  Inu  dopraaaalona  and  fkem 
nouada  eauMd  by  dillai«ntial  lea  nalt,  but  net  all  aoctlna 
pieeaaaaa  an  taptaaanlad  in  Hda  papar.  Many  fafaraaaaa  dta 
axpailBwnta  awocutad  In  fba  V.  8.  Anny  labontortaa  of  fltaoir. 
lea,  and  Pamaiieat  RaMareb  KalabUahnant  (WRd .  and  Oold 
RagUma  Rewaicii  and  Englnearing  laboiatoiy  (CRREI). 

Sorting  Caused  by  Oltforcntljl  Melt  ol  Glacier  Ice 

These  experiments  were  planned  to  understand  the  origin  of 
sorted  features  formed  in  a  layer  o!  gravel  over  the  glacier 
ice  [4j.    This  kind  of  sorting  was  studied  by  observing  the 
behavior  of  different  thicknesses  of  gravel  overlying  a  melt- 
ir.<j  icc  surface  [S].   Outdoor  experiments  wai*  patfMnad 
over  the  glacier  Ice  In  Thule.  Greenland. 
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The  slope  of  ice  surface  and  t 'ii :  i- it' s  r,:  Trnv-'l  ccver  wera 
chor/jcd  in  liillcrcr.t  test  areac    tiottiiig  wa.',  pKxicoea  alter 
44  days  of  ice  melting  (Figs.  1,2).  The  experimental  forina- 
Uon  o5  sorted  nets  and  stripes  In  a  layer  Of  gravel  of  varying 
Ouckness  on  the  Icecap  de.Tionstrates  that  sortir>g  was  plO- 
duccd  upon  collapse  of  portions  of  the  layer  because  of 
dlflerentirtl  melting  of  the  underlying  ice.    Concentration  of 
coarse  material  in  the  melt  Stream  channel  cut  Into  the  Ice  Is 
the  result  of  both  BMebanleal  aorttag  and  mafalna  out  of  tha 

finer  fraction, 

A  test  area  .  used  as  a  standard  of  umfortri  thicktjess  of 
gravel  over  a  smooth  ice  surface,  did  not  develop  sorted 
nets  — indicating  that  differences  In  insulation  are  t>ecess«ry 
to  produce  sorted  nets-   As  suggested  [4],  differentia!  heat 
dlffusivity  of  coarse  and  fine  particles  night  cause  the  forma- 
tion of  certain  sorted  patterns  over  the  ice.    However,  in  this 
expiuiment  the  gravel  cover  was  well  mixed;  differential  melt 
wo  5  rriiisfd  by  variations  In  thickness  o(  the  insulaung  gravel. 
ThLic?:r.:    Jilforcntial  heat  diflusivity  from  point  to  point  wa» 
believed  to  be  negligible  and,  consequently,  not  a  prloiary 
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Fig.  1.   Sorted  gravel  (ound  on  glacier  Ice  In  Thule,  Greenland 


Fig.  2.  Sorting  produced  experimentally  after  44  dayt  of 
melting  by  an  uneven  layer  of  gravel  over  glacier  Ice 


factor  In  the  formation  of  these  experimentally  produced 
patterns.    Further  experiments  must  determine  whether  the 
depressions  in  the  ice  under  stone  rings  can  be  explained  by 
differential  hoat  diffuslvlty,  by  melt  streams  flowing  more 
easily  through  coarse  material,  or  by  a  combination  of  these 
processes. 

The  following  conclusions  are  derived  from  these 
experiments: 

1 .  Varying  thicknesses  of  a  layer  of  gravel  produced  dif- 
ferential melting  of  the  underlying  ice.  Coarse  particles  set 
up  In  motion  by  collapse  of  the  gravel  cover  are  concentrated 
roecharucally  into  depressions. 

2.  Sorted  nets  and  stripes  produced  experimentally  were 
similar  to  those  occurrlr>g  naturally  In  the  gravel  covorlr>g  the 
edge  of  the  icecap.   (Figs.  1,2).   Therefore,  formation  of 
natural  patterns  is  believed  to  start  by  differential  meltirtg 
under  a  gravel  cover  of  rxinunlform  thickness. 

3.  Mechanical  sorting  from  mounds  formed  by  differential 
ice  growth  and  formed  into  depressions  by  differential  ice 
molt  should  be  considered  In  the  development  of  sortlrtg  in 
the  freeze- thaw  layer. 

Sorting  into  Desiccation  and  Other  Cracks 

The  sorting  effect  of  rain  and  wind  Into  desiccation  cracks  Is 


Important  because  sonirvg  is  a  cold  climate  Indicator  ;ll. 
Later  reports,  however,  show  that  sorting  into  desiccation 
cracks  exists  in  areas  without  frost  [  6j  and  in  the  active 
layer  [8]. 

Basic  conditions  for  cracking  were  studied  first,  then  the 
effect  of  rain  and  wind  on  sorting  in  the  desiccation  cracks 
cracks  [8J.   The  most  important  conclusions  are: 

1 .  The  moisture  content  when  crackirtg  occurs  increases 
with  increase  in  soil  thickness,  but  it  is  not  affected  by 
underlying  material. 

2.  Area  of  cells  made  by  the  crack  pattern  has  a  log  ivjrmai 
size  distribution.  Mean  size  of  cells  depends  on  thickness  of 
soil  as 

S  =  adP 

where  (S)  is  mean  size,  (d)  is  thickness,  and  (a)  and  (b)  are 
positive  constants  that  depend  on  bottom  material  and  dry 
density. 

3.  Total  length  of  cracks  decreases  with  increase  in  soli 
thickness  as 

L  =  bd-« 

where  (L)  is  total  length  of  cracks,  (d)  is  thickness,  and  (b) 
and  (o)  are  constants  that  depend  on  bottom  material  and  dry 
density. 

4.  The  number  of  cell  sides  depends  also  on  thickness  of 
the  drying  layer, 

5.  A  soil  layer  on  a  sand  bottom  makes  large  cells. 
Adhesion  at  the  bottom  is  very  slight  because  the  layer  of 
■and  attached  to  the  soil  bottom  rolls  over  the  sand  below. 

The  following  are  considerations  with  regard  to  sorting  into 
desiccation  cracks: 

(a)  Stones  located  in  a  drying  layer  are  loci  where  cracks 
start.  This  property  varies  with  the  porosity  and 
geometry  of  the  stones. 

(b)  Wind  and  rain  concentrate  particles  into  desiccation 
cracks.    The  particle  size  carried  depervds  on  the 
water,  wind  speed,  and  adhesion  of  the  particles  to 
the  toil. 

(c)  For  particles  to  concentrate  Into  desiccation  cracks, 
the  soil  should  repeatedly  crack  in  the  same  place. 
Once  particles  get  into  the  cracks,  crackirtg  in  the 
same  place  is  more  likely  (Fig.  3) . 

(d)  For  the  repetition  of  a  crack  pattern,  soil  layer  should 
be  thoroughly  wet.    This  happens  when  the  soil  layer 
IS  wetted  by  a  melting  snow  or  a  temporary  lake. 

The  degree  to  which  a  desiccation  pattern  from  sorting  by 
wind  and  rain  can  bo  affected  by  freezing  and  thawirtg  is  rtot 
known.   Cross  sections  in  perfectly  sorted  desiccation  poly- 


Flg.  3.   Particles  sorted  Into  desiccation  cracks  i»ear  Fox 
River,  Illinois.   New  cracks  replace  old  ones,  whore  particles 
are  concentrated.    The  particles  accumulated  Into  the  cracks 
increase  from  left  to  right,  where  more  particles  need  sorting 
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rig.  4.   Elongatoci  sorted  doslccatlon  cracks  in  the  Laguna 
Diamante  area  at  3300  m  above  sea  level  at  Mencioza. 
Argentirka 


Fig.  5.  Cross  sections  through  sorted  desiccation  cracks  at 
Mendoza,  Argentina,  reveal  lack  of  frost  features  (plications 

and  Involutions)  below  the  desiccfltion  edit 


Fig.  6.   Vertical  sorting  in  the  active  layer  at  Thule, 
Greenland.   The  scale  rests  at  30  cm  below  permafrost 


gons  In  the  high  Attdcs  [7J  (Fig.  4)  do  not  show  frost  action 
effects  such  as  plications,  involutions  (Tig.  S) .  etc.  ,  Indi- 
cating that  the  freeze-thaw  cycles  are  not  strong  enough  to 
disturb  the  desiccation  pattern.    More  work  along  this  line  is 
recommended.   Sorting  into  other  cracks  (tension  cracks, 
tractor  cracks,  arvd  similar  depressions)  were  also  observed. 

Inlormatlon  on  sorting  into  thermal  contraction  cracks  or 
thawing  Ice-wedges  is  lacking.   Field  work  of  this  type  is 
recommended. 

SORTING  BY  REPEATED  FREEZING  AND  THAWIKG 

Of  all  sorting  processes  in  nature,  frceze-thaw  action  seems 
to  be  the  most  important.   It  is  reasonable  to  assume  that 
downward  and  lateral  freeze-thaw  must  be  the  prevalhtig 
freezing  and  thawing  directions. 

Sorting  by  Lifting 

Experiments  performed  by  (reezli>g  and  thawing  from  the  top 
Indicate  that  particles  are  sorted  by  lifting.    Experiments  with 
different  shaped  particles  irxlicate  that  the  geometry  of  the 
particle  affects  the  rate  of  movement.   Coarse  particles  move 


Fig.  7.  Three-dimensional  section  In  a  boulder  field  in  the 
Thule  area,  Greenland,  showli^  vertical  sorting. 


Fig.  8.  Amount  o(  particles  carried  1  cm  by  a  moving  (r«««lng  Ttg.  9.  Amount  of  dlfferant  particles  carried  1  cm  by  a  moving 
plaiM  ai  ■  fuaetton  of  nte  ol  feWMlng  frMslng  plan*  as  a  function  of  rata  of  baaxtng 


up,  fines  move  down,  and  in-betwaan  alsas  show  Intaimadlata 
behavior.   The  term  vertical  sotting  was  proposed  for  such  an 
arrangement  l9]  (n?.  6).   Boulder  depressions  have  been  re- 
ported to  be  characterized  by  vertical  sorting  [  lO]  that  also  Is 
observed  in  materials  with  a  broad  range  of  grain  nizc^s  and 
gradations.    Vertical  sorting  occurs  in  wcll-gradrv;  m.^ti-tmlL; 
with  and  without  particles  (Incr  than  0.074  mm.    This  sorting; 
IS  due  tn  the  lifting  of  roarse  particles  by  icc  Icrxatlon  and 
5rav;iaJiori  of  flrios  into  trie  vcids  left  by  ttie  large  particles. 
Another  process  of  ice  segregation  (described  in  the  next 
section)  might  also  intervene.  Together  with  vertical  sorting, 
straight-graded  samples  axhiblt  diangos  In  voluno  ts  function 
of  the  heterogeneity) . 

Both  boulder  fields  and  houldsr  .<itreams  can  be  explained  OS 
a  result  oi  vertical  sorting  produced  by  a  horizontal 
ftoaasa*thaw  plana  (n«.  7) . 

Sortimt  by  Mlamtlon  In  ftont  of  a  Moirlno  Fiaaalnc  Wana 

The  active  layer  In  cold  reglona  fteeaes  and  thawa  bom  the 
lop dawiwrani.  and  in  •paelal  eendltlena.  lataiaUy  [2toll]. 
The  foliowrlng  axparlmanta  mrara  planned  In  ofder  to  obceive 
the  Mitlng  piopeitlea  of  a  lateral  fraaaa-thaw  plane.  Labora- 
tory axparlmanta  parfOnaad  In  a  closed  system  with  a  vertical 
Ireeaa-thaw  plane  demonitrated  that  paiUelee  migrate  from  die 
eooltnp  elde  in  a  pambolle  path,  beeauee  of  gravitational 
toraaa>  The  nitlng  produced  i*  called  hodaonial-vartloal  or 
fatanaaoftln0[l2]. 

This  lateral  sotting  is  explained  by  a  tendency  of  the  lea  to 
excluda  paitlelas  located  In  the  freeslng  front.  This  segre- 
gation pan  be  demonstrated  experlfflanisliy  by  a  transpsrem 
fraeslng  cabinet  m  which  dlatiUed  water  (raeaea  ftom  the 


bottom  upward.   In  this  way  the  freezing  front  travels 
vertically,  and  the  particles  are  carried  against  gravity. 

By  using  different  shapes  of  the  same  material  .9]  (Fig.  8) 
and  different  matori-ais  o:  voryiri)  sires  (ri:j.  '31  ,  .^n  i^nportant 
fjctn:  in  partlclf?  ou;rat;nr  is  derr.c<nstratea— that  factor  is  the 
shape  of  the  particle  or  its  contact  area  ivith  the  interlace. 
Othi'r  i.'nportant  .'.^rtoi-.  hf:  p.irtscle  size  eua  rate  of  Ireezing. 
Fine  p,i:tK-!"s  miyr.Dti-  at  sitr.v  -ir-ii  fast  rates  Of  freezing; 
coarser  particl-rs  nu;rate  at  slow  rates  of  freezing-    Such  ex- 
penrr.ents  are  considered  significar.t  :r,  explair.im  the  origin 
of  sorted  circles  which  show  a  riM-n.^tkable  horizo.nlal- vertical 
sorting  (Figs.  10,  11)  sim.lar  to  that  produced  i^y  l.iir  ral 
freeic-thaw  action  .  17.].    Probably,  lateral  sortiny  can  occur 
in  natjre  by  n-ii[;ration  o:  fire  particles  away  fron-  a  large  one 
if  the  large  one  freezes  first  and  by  vertical  sorting  where 
rapid  chances  occur  tn  grain- ilao  oomposltlon  In  abort 
horizontal  distances. 

Field  excavations  reveal  that  sorted  areas  with  lateral 
sorting  at  the  surface  are  related  to  broken  and  contorted 
layers  In  sections,  plications,  invelutlona,  etc..  Ll9}  Irig.  12). 

Mechanical  Sortlno  by  Fraaalne 

la  paraiatost  fha  aeitvo  toysr  ta  rapoited  ta  baese  also  fmm 
thobottow  upward  [14).  It  lhawt  only  bom  «he  lop. 
Laboratory  aKpatlmanta  m  ftaaaing  from  the  bottom  and  thaw- 
ins  from  the  top  daneaatnta  that  sorting  is  produced  In  a 
straight,  graded,  aoacohaslve  sample  of  sand.  Such  sorting 
Is  called  "nMcfaaidcal  sorting"  because  it  is  produced  in  the 
upper  unfrozen  part  while  the  lower  parts  are  being  frozen. 

Frost  behavior  of  a  sand  sample  freezing  from  the  bottom 
differed  graatly  from  that  of  one  fraaslng  iRMn  the  top.  During 
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rig.  10.  Surface  view  ol  sorted  (eature  In  tho  acuve  layer  in 
Thule.  Greonland 


freezing  from  the  top.  particle*  beneath  the  fre«zc-thaw  plane 
were  not  affected  mochanically  by  frost  action  as  the  upper 
part  froze.   But  when  the  freezing  lirve  advanced  upward  from 
the  bottom,  the  ice-water  interface  affected  all  soil  particles 
above  the  freezing  plane,  causing  differential  movcmeni  of 
particles.  This  mechanical  "shaking"  was  considered  respon- 
sible for  the  upward  migration  of  coarse  and  downward 
migration  of  finer  particles  in  the  unfrozen  layer. 

Such  mechanical  sorting  Is  so  effective  that  a  S  mm  layer 
of  fines  (particles  less  than  0.074  mm)  was  produced  when  the 
freezing  plane  moved  up  at  a  rate  of  0. 1  mm  per  week.  As 
shown  in  previous  experiments,  volume  changes  caused  by 
freeze- thaw  action  are  greater  at  slow- freezing  rates  than  at 
fast  rates.  Of  all  freezing  and  thawing  directions,  the  bottom- 
upward  type  IS  perhaps  the  less  important  sorting  process  in 
nature. 

Changes  from  Vertical  to  Horizontal-Vertical  Sorting  by 
Change  in  Freezing  Direction 

Layers  vertically  sorted  can  be  changed  Into  layers  sorted  in 
the  opposite  direction  by  lateral  freezing  and  thawing.  This 
Change  can  be  demonstrated  by  placing  vertically  sorted  layers 
In  aluminum  pans  and  freezing  and  thawing  fiom  the  sides. 
Vertical  sorting  was  changed  Into  horizontal- vertical  sortlrvg, 
regardless  of  whether  the  layers  were  dome  shaped  or  flat 
(Fig.  13).   This  can  be  explained  by  the  fact  that  the  freezing 
front  pushes  tho  soil  particles  toward  the  center  of  tho  pan. 
forming  a  mound.   Coarse  particles  in  the  upper  layers  roll 
from  the  top  of  the  mound  toward  the  edge  of  the  pan,  thus 
starting  the  sorting  in  the  opposite  direction.    Information  on 
the  sorting  effects  of  mounds  and  depressions  in  areas  of 
seasonally  and  perennially  frozen  ground  is  not  available. 

CONCLUSIONS 

Three  types  of  sorting  were  demonstrated.  The  first  kind  Is 
produced  by  wind  and  rain  in  desiccation  cracks.  This  type 
Is  produced  In  cohesive  soils-  If  such  patterns  are  not  dis- 
turbed by  erosion  and  frost  action,  the  features  should  have 
straight  lines  (Tigs.  3  to  5)  and  in  cross  sections,  should 
not  show  evidences  of  plications,  involutions,  etc.  (Fig.  S) . 

The  second  type,  which  is  produced  by  cyclic  freezing  and 
thawing,  occurs  in  soils  with  a  greater  range  of  grain  sizes 
and  gradations  with  and  without  fines.   This  sorting  produces 
boulder  fields  (Fig.  7)  and  sorted  Islands  (Fig.  14).  Such 
patterns  are  irregular,  oval,  circular,  domed,  or  depressed 
(Fig.  14).   If  the  soil  is  not  affected  by  a  contraction  process, 
(thermal  contraction  or  desiccation)  the  patterns  should  never 


Fig.  11.  FeAture  in  Fig.  10  after  removal  o(  the  coarse  layer 
near  the  fines,  showing  horizontal-vertical  sorting 


be  linear.  Cross  sections  show  vertical  and  lateral  sorting 
with  broken  and  contorted  layers,  known  as  plications. 
Involutions,  festoons,  etc.  (Fig.  12). 

Tho  third  type,  sorting  by  melting,  is  produced  by  the 
collapse  of  an  uneven  layer  of  gravel  over  a  surface  of  melting 
glacier  ice.    This  sorting  does  not  require  freezing. 

Determination  of  the  limits  of  sorting  by  freeze-thaw  will 
provide  a  better  understanding  of  frost  action.  Suitable 
criteria  for  these  limits  will  be  of  a  benefit  in  engine-ring 
construction  where  frost  action  is  a  problem. 

Observations  are  needed  on  the  internal  structure  of  sorted 
features  in  seasonal  frozen  soils  and  in  areas  without  frost. 
The  role  of  sorting  from  mounds  and  into  depressions  in  tx>th 
seasonal  frost  and  permafrost  areas  nMds  to  be  investigated. 


Fig.  12.  Vertical  section  through  sorted  feature  in  Fig.  14 
showing  contorted  layers  and  presence  of  horizontal-vertical 
sorting 


134 


LCaEMO 

coKMacKv  WW  mit  lae 

L_  , 

K.Cat>t    ft«K  ^11  0100 

Ml 

•^1  ifcooaMrga  t«,ii 

MIS 

«l 

•       1  • 

(CM.(  •  mm 

EXP  B 


EXP.  A 


rig.  13.   Change  from  vertical  sorting  of  (lot  and  domed  layors  (left)  Into  horizontal- vertical  sorting  (right) 


Fig.  14.  Air  view  of  the  active  layer  in  Thule.  Greenland. 
Sorted  features  range  in  size  from  a  centimeter  to  many  meters 
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INSTRUMENTS  FOR  MEASURING  MASS-WASTING 


K.  K.  EVERETT,  Ohio  State  Unlvsrsltyi  Columtaua 


Cmmi  andcfftetsof  mas*- wasting  have  received  coniKtor- 
abl*  atlMiUon  during  tiM  last  100  ysars.  Attantlon  has  btan 
sMra  ahaiply  focused  en  mass-wnMiaa  and  mass  movanaot  in 
the  last  SO  yoars  fasoauM  el  ilia  advant  ef  axtanslva 
•ngtneaflnn  projects,  road  building,  and  the  like. 

Finn  a  pun  aeademie  point  ef  view.  masfwaatlnB  and 
mass  awveiBent  axe  ef  particular  intaroat  whan  we  consider  the 
avelutlen  ef  landfonaa,  althar  saparataly.  as  in  a  single 
dnlnave,  or  coltectlvely,  on  s  regional  basis.  The  nwterial 
Biantllng  slopes  in  all  reglona  ftesi  the  traples  to  the  aietie  Is 
in  Bwtlon.  The  nte  veites  bom  region  to  rsglon»  from  year  te 
year  within  a  legien,  and  between  any  two  points  on  a  single 
slope. 

Over  the  lest  decade,  people  have  taaoesie  Inlweatad  in 
knowing  Just  hew  ihst  tiie  nwteiiel  Involved  tn  mass-westing 
sieves,  hew  many  meters  In  10  years,  in  100  ysersr  etc.  It  Is 
Just  as  important,  however,  to  know  why  or  under  what  set  of 
conditions  nevenent  eocttra. 

To  fully  understand  oiass-wastlng  and  the  slgnitteance  of 
Its  measured  rate,  some  understanding  roust  be  reached  about 
the  total  physical,  biologic,  and  climatic  envtronment  o(  the 
slope  or  region  being  considered. 

INSTRUMENTATION 

Measurement  of  Movemcr.t 

In  eonsidenng  a  numt>er  ol  device*  for  measuring  movement,  it 
was  decided  that  the  field  instrument  must  have  few  moving 
parts,  operate  throughout  a  wide  lange  of  tempeiaturss  and 
humldiUes,  be  light  and  compact,  end  possess  a  high  degree 
of  sensitivity.  Unesr  siotlon  transducers  met  these  qualiQca- 
tions.  Ihe  mnsduoer  consists  of  a  shaft  which  stay  be  moved 
in  or  out  of  a  OBll  or  oore  of  wire.  The  mon  turns  of  wire  with 
which  the  shaft  makes  ooiMeet,  the  greater  tiie  resistance, 
end  vice  verse.  Tmo  models  ef  linear  motion  transducers  were 
used  to  investigate  slope  sieveamit.  Model  9612$A  is  e  short 
stroke  spring-leeded  tnnsdueer  and  has  a  shaft  ef  coriDslon- 
resistant  steel,  9 . 32  cm  in  diameter.  Ihe  shaft  stroke  is 
12.7mm«rllh«tetalfealalaneeef2000ohmse5%.  It  is 
operettve  within  e  tempasvtwe  range  of  from  minus  S5*  to  plus 
7l'C,  and  has  a  reoelutton  of  O.OM  mm.  It  has  e  total  urelght 
of  30.4  g  without  the  sprtng.  The  spring  was  removed  to 
peoDlt  moveaient  with  a  pressure  of  less  than  Wo  g . 

Wbera  mOMSients  greater  than  12.7  mm  were  eneeunteied, 
e  tnnsduoer  having  e  shaft  stroke  ef  SS.  1  mm  but  with  the 
same  basic  design  was  used.  The  toiel  reetstsnoe  of  tUs 
model  (»S2on}  is  20,000  ohms  e  S«.  and  it  has  a  resolution 
ef  0.046  mm.  Modnls  with  shaft  strokes  te  1$3.4  sua  are 
available;  such  lengths  were  not  found  to  be  neoessary. 

It  was  essenual  to  calibrate  aacdi  transducer  prior  fo  field 
Installation  by  fully  extending  the  shaft  and  recording  the 
resistance;  then  the  shaft  was  inserted  in  l*mm  increments 
and  corresponding  resistances  were  plotted.  A  hyperbolic 
curve  was  obtained  on  semilog  paper  showing  resistance  on 
the  ordinate  and  movement  on  the  abscissa.    From  such  a 
curve  the  shaft  displacement  can  be  read  for  any  resistance 
value.    The  resistance  can  be  read  with  a  standard  volt-Ohm 
motor.  Although  shaft  displacements  on  the  order  of  0.030  to 
U.U4b  ITT  can  be  recorded,  it       not  po;;  :;;:j.f  to  tiMii  n-^re 
accurately  than  0.  1  mm  because  the  recording  chart  intervals 
can  be  interpreted  only  to  25  ohms.   Thus  the  mfiirlmiim 
potential  of  the  device  is  not  realized. 

SoU  Moitture  and  Soil  Temcerature 

In  order  fo  reooni  eoll  molstwre  and  soil  temperature  as 
atseiBBtely  as  possible,  and  to  obtain  this  inionaetfon  at  the 
point  of  Bwveaient,  Oolemen  eoll  sioisture  units  wers  used. 
The  unit  in  use  at  Cape  Tbonqieon.  Alaska,  as  «reU  as  at 
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Neotoma  Valley.  Ohto.  is  Model  37S  which  consists  of  an 
elocDode  sandwich  meeswlng  2.54  by  3.6  by  0.3  cm. 
Basically  the  unit  la  composed  of  two  <1587.  S  sq  cm)  60-meab 
Menel  screens  separated  by.  and  wrapped  in.  0.02>cm  thick 
cloih  of  glass  tibsr.  Two  Monel  conteot  wire*  leed  out  fiaai 
the  screens.  A  Western  Bleetrle  Co.  No.  7A  diae-type  therm- 
istor wes  Included.  This  and  the  screens  wrawed  In  glass 
fibsr  ere  enclosed  between  two  perforated  2Z-gage  Monel 
sheets  whl^  are  spotwelded  together. 

The  electrical  resistance  between  the  screens  varied  in 
response  fo  ehanges  in  moialure  content  of  the  soil.  Iheae 
units  hove  not  been  found  satlsfacfory  in  quantitatively  meas- 
uring soil  moisture,  psrttcularly  in  Alaska  where  saturated 
soils  era  common,  but  have  proven  very  useful  in  detemimng 
the  change  of  sfofo  and  in  giving  gualitauve  informetioa  on 
soil  moisture.  Also,  litay  necaaaltatad  modificatienB  ef  the 
recording  Instrument  to  oDmpensate  lor  e  raslstence  drift  when 
high  moistun  percentages  wera  eneountersd. 

ru-ld  Inst.a:'.dtion 

To  obtain  reliable  readings  of  mos'ement,  the  transducer  must 
be  fixed  in  its  position  relative  to  the  surrounding  soil.  At 
Neotoma  Valley  a  pit  approximately  1  m  In  diameter  was  dug 
to  bedrock:.   A  hole  '.(I  to  i5  cm  in  iliemelei  was  drilled  20  to 
30  cm  Into  the  bediock  with  a  star  drill.  A  galvanized  iron 
pipe  8  cm  in  diameter,  pointed  on  one  end  and  threaded  on  the 
other,  was  inserted  Into  the  bedrock  hole  and  cemented  in 
place  With  the  cement  easing  extending  nearly  to  the  soil  sur- 
face.  The  pipe  also  was  filled  with  cement.   The  pit  was  net 
backfilled  but  was  su|;F:orte:l  or.  all  sides  by  a  shelter  bOK.  A 
solid  anchor  for  the  transducer  was  thus  ensured. 

The  transducer  was  connected  to  the  pipe  anchors  by  means 
of  specielly  constructed  stsncMons  (Fig.  1) .  The  transducer 
was  bolted  to  the  mounting  plato  of  the  stanchion  which  was 
attached  by  a  frictiort  screw  to  a  spindle  8  cm  long.  In  this 
way  the  mounting  plate  and  transducer  could  be  moved  up  or 
down  the  spindle  and  rotatsd  through  360  deg  by  simply 
loosening  the  screw.  The  spindle  segment  was  atteched  to  a 
middle  segment  (6.0  by  1.9  by  1 .9  on)  by  a  pin  Joint  which 
pennltted  180-deg  movement  to  a  vertical  plane.  The  middle 
segment  was  attached  in  turn  to  a  basal  segment  by  a  similar 
pin  Joint.  The  besal  segment  was  bolted  to  a  brass  plate 
which  was  sweated  across  a  nipple  S.  I  em  in  diameter,  ly 
loosening  the  nut  holding  the  lower  segment,  the  entire 
stanchion  could  be  rotated  through  360  deg.  In  1961  a  simpli- 
fied verston  on  the  ttonchion  was  siade  by  J.  O.  Riokley  and 
Sen,  of  Columbus,  Ohfo.  This  stanchion  wet  eonatrueted of 
brass.  The  spindle  «ras  eliminated  end  the  pin  foiots  wera 
replaced  fay  bell  end  eocfeet  jeJnta  which  reduced  the  cost  and 
Incraased  the  flextUUty  ef  the  sfondUon. 

Movement  Plate 

Once  a  site  had  been  selected  for  movement  study,  and  prior 
to  emplacement  of  the  anchor,  the  movement  plate  was  In- 
Stalled  With  as  little  disturbance  to  the  soil  as  possible.  The 
movement  plaus  used  at  Neotoma  Valley,  Ohio,  were  made 
fiem  O.OSO-cm  elumlnum  slieetlng  end  had  a  diameter  of  IS  em. 
Continued  weik  In  Alaska  has  shewn  that  square  pletea  torn 
S  fo  6  cm  an  praferaUe.  The  pletes  were  inaerted  upalope 
from  the  transducer  (with  one  exeeptiofd  and  placed  ae  the 
nridpolnt  of  the  plato  was  10  to  10. 7  cm  below  the  ground 
surfece.  Cara  has  to  be  exercised  when  installing  the  platts 
so  as  net  to  disturb  the  soil  upstope  fitom  the  plato,  and  to 
nplaee  any  eeu  that  had  w  be  ramoved  as  etoae  fo  Its  edgl- 
nel  field  density  as  possible,  awllow  roots  wera  e 
complicating  factor. 

Onee  the  otovesient  plate  was  insttlled,  it  was  connected 
fo  the  transducer  shaft  by  an  aluminum  rod  of  0.95-em  OD. 
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rig.  1.   Construction  of  stanchion  to  hold  transducer  A, 
spindle;  B,  transducer;  C,  connector  for  transducer  and 
movomont  plate  shaft;  D.  pin  point;  C,  fnctjon  screw;  r, 
point  joint;  G,  base  plate:  H,  lock  nut;  I,  nipple 


The  length  of  rod  used  was  depertdent  upon  the  distance  be- 
tween the  movement  plate  and  the  transducer.   Lengths  of  3  m 
were  used  in  Ncotoma  Valley.   With  such  long  rods  consider- 
able error  resulted  from  wind  action  and  sagging.   Rod*  on  the 
order  of  0.  2  to  0.  5  m  wore  used  in  Alaska  with  ftatisfactory 
results.    The  rod  was  attached  to  the  transducer  shaft  by  a 
brass  couple.    Fig.  2  illustrates  a  completed  measurement 
site. 

The  transducer  was  protected  from  the  elomcnts  by  enclos- 
ing It  and  Its  connecting  terminals  in  a  plastic  cup  bolted  to 
the  mounting  plate- 

Coleman  units  were  placed  at  the  position  of  the  midpoint 
of  the  movement  plate  and  not  more  than  IS  cm  laterally  from 
a. 

Measuring  devices  at  each  site  were  connected  to  a  cen- 
trally located  Wheatstonc  Bridge  by  six-conductor  aerial 
cables  that  consisted  of  a  polyethylene  outer  Jacket  surround- 
int  an  aluminum  shield.    Next  was  a  layer  of  rvonhygroscoplc 
binder  tape  surrounding  12  Insulated  wire  pairs.  Conductors 
were  of  l9-gage  copper  which  has  a  resistance  of 
0.0241  ohm/m.   Although  the  cable  was  designed  for  aerial 


use,  two  years  of  ground  use  have  shown  iw  ill  effects. 
Conductor  resistance  over  this  distance  was  not  sufficient 

to  require  correction  of  the  readings. 

Each  site  (transducer  and  Coleman  unit)  was  connected  to 
the  terminal  board  of  a  Wheatstone  Bridge.   The  bridge  used 
was  a  Day  Strom- Weston  dual  range,  continuously  recording 
instrument.   A  low  range  of  0  to  10,000  ohms  was  designed 
to  accomodate  the  transducers  and  the  thermistors  of  the 
Coleman  units.    The  Coleman  soil  moisture  units  recorded 
a  high  range  from  1  x  I04  to  I  x  10^  ohms.   Each  machine 
accommodated  24  inputs  which  were  printed  at  the  rate  of  one 
per  minute.   The  chart  speed  was  set  at  15  cm/hx.  The 
machine  was  housed  in  an  all-weather  shelter. 

A  1.  S-KW  generator  supplied  the  power  to  run  the  recorder. 
The  recorder  shelter  was  heated  by  a  7S-watt  light  bulb  which 
maintained  an  inside  air  temperature  of  IS'C  even  when  out- 
side air  temperature*  were  -IS^C.  Voltage  and  cycle  chartgcs 
as  well  as  power  failures  wore  troublesome  but  were  corrected 
by  increasing  the  load  on  the  generator  to  80%  of  capacity 
and  by  removing  the  automatic  choke  on  the  generator. 

Limits  of  Instrumentation 

The  major  limitation  of  the  movement  instrumentation  Just 
described  Is  that  each  unit  or  site  is  composed  of  a  single 
instrument  and  does  not  record  a  vortical  velocity  profile. 
Other  workers,  notably  Williams    1  j ,  have  been  able  to 
record  vertical  velocity  profiles  by  using  different 
instruments. 
Sources  of  Error 

Probably  the  greatest  single  source  of  error  lies  In  the  rod 
connecting  the  plunger  o(  the  transducer  with  the  movement 
plate.   This  plate  is  of  necessity  exposed  to  the  elements, 
particularly  the  wind.   II  the  rod  Is  too  long,  (longer  than 
0.5  m),  vibration  due  to  wind  becomes  rather  troublesome. 
With  rods  0.5  m  or  less  in  length,  very  little  difficulty  Is 
encountered.   With  a  shorter  rod  the  anchorirtg  pipe  must  b« 
set  rather  close  to  the  point  of  movement.    If  considerable 
care  is  exercised  in  excavation  and  installation,  the  anchor 
can  be  Installed  with  little  disturbance  to  the  environment. 

Differential  thermal  expansion  of  the  component  part*  of 
the  measuring  system  is  negligible,  particularly  If  all 
movements  less  than  0.2  mm  are  disregarded. 

RESULTS 

Some  results  obtained  with  the  instrumentation  tust  described, 
over  a  two-year  period  at  Cape  Thompson.  Alaska,  are  briefly 


Tig.  2.  Instrument  emplacement  In  Northwestern  Alaska .  sites 
I  to  3W.  Movement  is  being  recorded  from  different  depths  in 
a  nonsorted  mud  circle 
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tnMMud  for  four  altos  li'i  med  pcrUnant  data  ai«  olvm  in 
Table  I. 

Tabl«  I.  Data  <of  four  movanant  aitaa  in  Alaaka 


flbapa 

angla 
Site  In  Ground 

Wo.  degrees  pattern  Bedrocic 


2C 


3E 


IW 


5W 


32 


Soli  type 


Vage- 

tatlon 


Peat     Dolomite,  Imp«rfocUy  carax 


Dapth  to 

perma- 
frost 

(Aug . ) 


Non* 


dolomltic  drainod 
limestone,  Arctic 
and  chert  Brown 

Sama  as  low 
HHBle 
«lay 


Molawit 


circle 

Non-  Sam 
sorted  and 
mud 


Hu.nic 
mudstone  gley 


4(1  cm 


4S  cm 


e.(.     Sama  as    fact  and   

Turf     atews      lapaffacay  alnliw 
drained  SalU^ 
Aietio  ahtaba- 
^ylla 
ArtomlsJa 
arctica 


Treazeup 

rtgm.  3K  and  B  showad  txpanaiv*  nwvamaM  Qwava}  at  tha 
10  eai  laval  in  a  stony  nonsettad  diela  en  tba  aoudiaaat- 
fiMlnff  slopa  of  O^otunik  Wallay,  Alaaka  •  In  two  auooasalva 
yaara.  ttm  rata  and  anouat  of  anwament  vaitad  flraatly  Aon 
1980  to  IMI .  This  is  attrtbtttad  to  «•  initial  nta  of  fioosaiip 
and  tha  asiount  of  aoU  molstura.  whieh  wwa  totli  higlMr  In 
IMl  than  In  IMO.  Tha  typa  of  lea  OoiwImI  caaalnad  Ita* 
•an*  in  both  yaara. 

lb*  initial  navanant  rata  in  1961  was  O.S  em/hour  over 
Ota  first  12  Imirs.  In  tha  aueceedlng  24-liovir  intervals,  rates 
Aeppad  tD  0.2  Ma/how.  Movement  stopped  altogether  by 
10  a.  ra. .  eight  days  after  Its  start.  On  itM  opposing  slopa. 
site  IW.  movaants  ware  raoordad  at  tha  2.  S  cm  laval  In  a 
nonsoned  mud  clrela.  Heaving  began  at  a  rate  of  0.  S  cm/hour 
over  the  first  24  lioura.  The  rate  of  movement  increased  to 
0,8  cm/hour  In  the  next  24  hours.   In  the  third  24-hour  period 
the  rate  of  movement  decreased  sharply  to  0.04  cm/hour. 

The  pattern  of  movement  at  site  IW  .m  l  that  at  li'.    Tig.  3B, 
In  1961  ,  Is  very  similar-    The  differences  ,  rart;clarly  in  the 
Initial  rate  of  heave,  are  due  to  the  larger  moisture  reservoir, 
finer  soil  texture,  and  lower  surface  load  pressure  at  IW, 

Also  o!  int'.'rcsl  aro  the  <»xpanslV(!-contr.irtive  movements 
in  3E.  Fig.  3B.  between  October  16  and  23,  1961.  The»e 
ments  are  ralalad  to  nthar  daap  thaw  and  taftaana  ewar  tfua 
period. 


at*  U.  ng.  3G<  ilhowB  OMwaiMtiits  oblainad  flmoi  a  paat 
rldga  adtneant  to  tha  stony  clrela  3E.  Of  parHeular  note  bare 
la  the  ptograaatva  expansive  (downslopa)  anowaownt  which  ba- 
•an  aUghUy  botora  tanpaiaturaa  at  10  en  had  rsaebad  0*C, 


and  oontlnuad  at  an  acealafatlng  psoa  Into  Juna  1962. 
Waahlium  Li}  has  obaatvad  similar  atovaawnta  assodatad 
with  thaw  la  East  Qraanland  and  hallavaa  than  to  ha  dua  to 
eraap  whan  tha  llqnid  lindt  of  soil  baa  baan  axoaadad  as  a 
rasult  of  tha  SMltlnB  of  gieimd  lea  or  snow. 

Tha  expanslvo  gtotmaont  la  2E  la  oaitainly  not  talatad  to 
any  refreezJng  at  tha  lO-em  depth. 

Site  sw  (not  showit  Is  In  a  saiaU  toimea  IS  W  20  on  Idgb, 
separaung  two  alongatad  stony  eiielas  on  tha  nortbweat-tsclng 
slopa.  A  total  expansion  (downsloiM  movemeni}  of  3  nm 
oeeumd  batwaoa  May  1 1  and  30.  This  movement  was 
daflnitaly  related  to  saturated  creep. 

Movement  during  the  summer  months.  I.e. .  from  roughly 
July  1  to  the  following  freezeup  in  early  Saptambar,  are  slight 
Movement  In  the  nonsorted  mud  of  stony  circles  was  largely 
oontraetlva.  Tha  contractive  movement  is  associated  with 
heavy  rains,  2S  mm  or  more,  In  a  24- hour  period.  Movement 
of  peat  ridges  or  other  features  composed  of  peat  aro  both  ex- 
pansive end  contractive.    Some  of  these  movements  o(.t:L-or  to 
be  related  to  jJtr: no.nced  diurnal  changes  :n  relative  hunidity, 
and  some  may  be  related  to  the  drying  action  of  strong  north 
Winds. 


Vkl^av,  Ohio 


Tba  aaaa  type  of  Inatnimantnllon  thnt  was  usad  la  Alaaka  waa 
also  used  In  southam  Ohio  to  OMasura  slopa  aievamant. 
Mevaaiant  at  the  lS>em  dapth  was  vary  slight  and  anatie  evar 
tfao  alepo.  Measuremanta  Indicata  that  movamant  it  on  tha 
order  Of  0. 2S  mm/yoar •  Data  obtalnad  from  elay  eylindara 
buriad  In  tba  alepaa  ttaew  movamant  in  tha  upper  8  em  of  tha 
soli  may  be  as  anidh  aa  SO  sm/yaar.  Surfbea  dlsplaeamaats 
of  0. 5  m  for  Individual  partlelaa  ara  oomsion  on  both  slopaa 
and  ai»  affactad  by  rill  and  ahaat-waah. 

Movamants  la  Alaska  at*  laigaly  rastrtotad  to  tha  aarly 
phaaei  of  lieateup  and  to  tha  thaw  parted.  Movamants  la 
OMe  appear  to  be  rather  evenly  dlatnbutad  thsougheut  the 
year.  However,  there  Is  aosw  avldanoa  that  downslopa 
sMvamant  may  lie  graateat  dining  the  winter  nwnths  whan  soil 
mMstura  la  Mgheet.  Swiielal  moveaiente  In  Ohio  ara  oar* 
talnly  graelar  dwtnp  the  mendta  when  Hw  tree  eanomf  is  open. 
It  la  at  this  time  when  drop  Impeet  and  till  and  sheet-wash 
ara  most  aetlva. 

CON  CLU  SI  O.MS 

The  ir.strkimentatlon  described  provides  a  highly  sensitive  and 

accurate  method  for  maasurlng  movement  Of  the  material 

mantling  slopes. 

Result  :    :  -.ii  i-il  Iron-,  the  OgotoruW  Creek  area  (Cape 
Thompson)  Alaska  and  Nootoma  Valley,  Ohio,  indicate  that 
movements  In  both  areas  are  dl;;contlii.jou5  In  s(;.3c<.r  and  time, 
dependent  upon  the  texturp  of  the  Tiantlc  and  the  noisture 
balance  and  state  m  the  mantle- 

The  rate  of  movement  on  the  slopes  of  the  Ogotoruk  Creek 
la  nearly  100  tiaias  that  on  the  alopes  of.Neotoma  Vblley. 
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ORIGIN  AND  DEVELOPMENT  OF  PATTERNED  GROUND  IN  SPITSBERGEN 


ALFRED  lAHN,  Geographical  Institute,  Wroclaw  University,  Poland 


The  study  of  patterned  ground  is  very  complex.  Howovcr,  the 
stage  has  been  reached  where  satisfactory  solutions  are  being 
proposed  to  many  of  the  problems  encountered.  This  hos  been 
achieved  primarily  by  advanced  oxFvrimental  research  In  field 
and  laboratory,  augmented  by  a  large  amount  of  new  observa- 
tional data.  I.  BOdel  [1]  considers  the  question  of  the  origin 
of  patterned  ground  to  be  merely  historical  and  geomorpholog- 
ical,  and  not  geophysical  (i.e.,  one  that  is  possible  to  solve 
by  observation  and  experiment) .  I  find  It  impossible  to  accept 
this  view.  On  the  contrary,  I  believe  that  geomorphological 
experiment  offers  a  very  promising  course,  A  scries  of  simple 
tests  undertaken  In  Spitsbergen  In  the  years  19S7-1960  pro- 
duced some  Interesting  results.  The  present  discussion  of  the 
origin  of  patterned  ground  is  based  mainly  on  these 
findings  '  2] . 

There  are  three  frost  processes  that  lead  to  the  origin  of 
forms  and  structures  of  patterned  gruund:  (1)  Changes  in  the 
volume  of  the  soil,  <2)  sorting,  and  (3)  cracking.  Gravitation 
shares  In  these  processes  since  Its  action  results  In  mass 
movements  which  supplement  and  modify  frost  structures. 


Fig.  1.  Concentric  arrangement  of  malerlal  in  a  sorted  circle. 
Fjord  Homsund,  Spitsbergen 


Fig.  2.  Initial  phase  of  a  sorted  circle:  concentrically 
arranged  debris.   Fjord  Homsund,  Spitsbergen 


Washburn's  classification  [3]  of  soils  into  sorted  and  non- 
sorted  forms  and  into  shapes  (circles,  nets,  polygons,  steps, 
and  stripes)  seems  to  be  correct.  It  Is  not  possible  to  draw  a 
sharp  line  dividing  sorted  forms  from  nonsortud-ftssure  forms 
since  both  have  common  elements  with  transition  forms 
between  them. 

It  It  the  object  of  this  paper  to  describe  some  of  the  prlncl 
pal  static  and  dynamic  characteristics  of  patterned  ground  in 
Spltsijergen,  and  then  to  proceed  to  more  general  conclusions 
pertaining  to  the  origin  of  the  various  forms.  Those  features 
that  have  not  been  given  sufficient  consideration  In  previous 
analyses  are  emphasized. 

STATIC  CHARACTERISTICS 

Must  of  the  patterned  ground  forms  in  Spitsbergen  are  sorted 
circles  and  sorted  polygons.  The  debris  segregated  from  the 
soil  comes  to  rest  in  stone  t>orders  or  furrows.  The  central 
part  is  made  of  fine  grains,  which  are  often  mingled  with 
coarser  elements . 


Fig.  3.  Horizontal  section  40  cm  deep  across  a  sort'.  .e 
Distinctly  concentric  arrangement  of  material:  Sandy  silt  m 
center;  next,  fine  debris;  coarse  debris  outside.  Kongsfjord, 
Spitsbergen 


rig.  4.  Cross  section  of  a  sorted  circle,  showing  sorted 
debris.   Homsund,  Spitsbergen 
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Contrary  to  prevalent  views.  It  must  be  emphasized  that  the 
arrangemont  of  material  In  the  central  part  is  raroly  chaotic. 
A  definite  regularity  has  been  noted  in  the  arrangement  of 
material  In  the  Homsund  and  Kongsfjord  areas  of  Spitsbergen. 
A  typical  unit  (rigs.  1  to  4)  in  a  polygonal  field  may  be 
described  as  follows:  The  interior  is  made  up  of  sandy-clayey 
material;  toward  the  border  the  material  becomes  sandy,  then 
passes  into  fine  debris  and,  finally,  into  boulders  and  blocks. 
As  a  result  of  segregation  the  elements  and  particles  range 
from  sllty  grains  to  blocks,  the  differences  in  diameters  being 
enormous.  The  sorting  process  does  not  consist  merely  of 
separatir>g  coarse  particles  from  fines,  but  Involves  a  most 
subtle  segregation  of  material  according  to  grain  size .  The 
homogeneity  of  the  particles,  as  observed  In  each  particular 
layer  Is  striking.  Lven  debris  exceeding  1  cm  in  diameter  is 
sorted  into  distinct  concentric  layers.  Transition  linos 
between  adjacent  layers  are  narrow  enough  to  be  called 
boundaries . 

These  facts  wor«  established  on  the  surface  of  sorted 
circles  and  polygons  and  also  in  cross  sections  to  the  bottom 
of  the  structures,  which  commonly  terminate  at  a  depth  of 
about  1  m  In  Spitsbergen.  Segregation  was  most  conspicuous 
In  patterned  ground  on  the  terraces  of  Kong sf lord  where.  In 
19S8,  bulldozers  cut  the  structures  horizontally  to  a  depth  of 
30-40  cm  (Fig.  3). 

The  concentric  system  of  homogeneous  layers,  so  charac- 
teristic of  patterned  ground,  has  surely  been  derived  from  the 
system  of  sorted  horizontal  layers.   Numerous  transitional 
stages  between  the  two  systems  have  been  observed.  On  top 
there  Is  a  layer  of  boulders  consisting  of  coarse  blocks;  below 


lies  mixed  debris,  and  still  lower  there  are  layers  of  fines.  A 
perfectly  sorted  horizontal  system  represents  an  extreme  case 
and  Is  very  rare,  for  a  cryogenic  process  operates  simultane- 
ously with  vertical  sorting  of  material  and  tends  to  destroy  the 
horizontal  system  of  layers. 

Stone  borders  of  circles  and  polygons  In  Spitsbergen  differ 
In  height  and  form,  and  the  differences  obviously  depend  on 
two  factors:  The  type  of  material  being  weathered  and  the 
moisture  content  of  the  ground.  High  borders  are  formed  In 
places  where  the  material  consists  of  large  amounts  of  coarse 
debris.  Debris  borders  on  very  wet  ground  (i.e.,  ground  peri- 
odically inundated  by  water)  are  much  lower  than  In  dry  places. 
Borders  display  a  tendency  to  sink  in  saturated  muddy  places, 
and  in  such  places  the  age  of  the  form  becomes  a  significant 
factor. 

Stone  margins  of  circles  and  polygons  In  Spitsbergen  are 
most  frequently  of  the  "floating-border"  typo  suspended  In 
muddy  material.  This  holds  true  of  both  miniature  patterns 
and  macroforms.  Another  type  of  stone  margin  is  represented 
by  those  borders  where  debris  reaches  as  deep  as  the  base  of 
the  active  layer.   Some  forms  exist  that  combine  the  two 
former  types  in  that  on  the  surface  they  appear  as  "debris 
floating  borders"  and,  at  the  same  time,  they  are  borders  of 
internal  structure  extending  upward  from  the  base .  Apparently 
these  two  elements  develop  Independently  of  each  other. 

The  essentially  horizontal  forms  of  stone  nets  seem  to  indi- 
cate the  factors  responsible  for  their  development.  There  ore 
three  types  of  nets:  (a)  Those  made  of  stone  circles  or 
ellipses  that  represent  a  nonarranged  system  and  occur  on  flat 
terraces  (Figs.  5  and  6) .  (b)  Nets  consisting  of  circles  or 


B 


Fig.  7.  Types  of  polygonal  nets:  (A)  System  of  circles  on  a  terrace,  (B)  System  of  ellipses  on  an  alluvial  surface,  and 
(C)  System  of  polygons 
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Fig.  a.  Irregular  net  with  muddy  patches  on  an  alluvial  gravel 
surface.  Hornsund,  Spitsbergen 


Fig.  10.  A  motomoter  of  type  devised  by  Bac,  Installed  across 
a  sorted  circle.  The  position  o{  the  soil  surface  Is  Indicated 
for  autumn  1957,  spring  19S8,  and  autumn  19S8 


ellipses  that  make  up  an  arranged  system.  They  are  common 
at  the  bottom  of  large  talus  or  on  gently  inclined  surfaces. 
These  circles  and  ellipses  are  debris  Islands,  and  their  fan- 
shaped  arrangement  reflects  the  inclination  of  the  slope 
(rigs,  7  and  8) .  The  direction  of  these  forms  Is  determined  by 
the  flow  of  subsurface  waters,  (c)  Nets  that  are  typically  poly- 
gonal, for  the  most  part  pentagonally  or  hexagonally  arranged. 
These  differ  markedly  from  the  two  former  types  of  nets,  whose 
system  of  debris  wreaths  is  characterized  by  a  prevalence  of 
curved  lines.   With  polygonal  nets,  however,  the  straight 
lines  of  their  borders  are  particularly  significant  (Fig.  9). 
This  arrangement  of  nets  derives  from  cracking,  and  is  known 
in  the  Alps  and  elsewhere  [4]. 

DYNAMIC  CHARACTERISTICS 

From  1957  to  1960,  Spitsbergen  was  the  site  of  numerous 
experimental  investigations  into  the  dynamics  of  frost  phe- 
nomena, especially  vertical  and  horizontal  soil  movements 
and  upfreezlng  of  stones. 

Vertical  soil  movements  were  measured  by  means  of 
molometers  (Fig.  10)  installed  In  various  positions,  chiefly 
associated  with  patterned  ground  (Fig.  5) .  A  series  of  obser- 
vations, beginning  in  autumn  1957  and  ending  In  autumn  19S8, 
demonstrated  some  salient  characteristics  of  the  movement 
within  0  selected  sorted  circle.  The  maximum  annual  ampli- 
tude (IS.S  cm)  at  the  surface  occurs  in  the  central  part  of  the 
inner  field.   Stone  borders  participate  in  the  movement  but 
their  amplitude  of  movement  is  considerably  less. 

The  curve  representing  the  annual  movement  Is  asymmetric 
(Fig.  11).  Autumn  freezing  proceeds  in  the  form  of  a  surging 
wave,  while  summur  thawing  has  a  rapid,  undisturbed  course. 
In  autumn  the  soli  was  observed  to  swell  repeatedly  because 
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Fig.  9,  Sorted  polygons,  fissure  typo.  Homsund,  Spitsbergen 
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Fig.  11.  Surface  soil  movement  at  center  (continuous  line) 
and  within  the  sorted  circle  (interrupted  line)  from 
September  1957  until  August  1958 


of  freezing.  As  a  result  there  Is  a  deterioration  of  the  soil 
structure  that  contributes  to  a  rapid  upfreezlng  of  stones  and 
size  sorting  of  material. 

In  September,  following  the  first  frosts,  the  following 
changes  were  observed  in  the  patterned  ground  where  the  tem- 
perature of  the  ground  surface  fell  to  -7°C:  The  central  areas 
were  frozen  to  a  depth  of  9  cm,  moisture  rose  to  the  frozen 
bed,  and  thin  layers  of  Ice  were  formed.  The  thickness  of  Ic* 
layers  was  greater  on  the  margin,  next  to  the  furrow,  than 
Inside  the  central  area.   Ice  layers  passed  into  sheets  of 
needle  ice,  the  number  of  Ice  generations  indicating  the  corre- 
sponding number  of  slight  frosts  (Fig.  12).   Needle  Ice  grew  In 
the  furrows . 

Thus  the  autumn  frost  cycle  causes  rapid  heaving  of  the 
soil  surface.  The  freezing  front  operates  from  the  soil  surface 
and  from  the  furrows .  The  central  area  of  the  form  freezes 
both  deeper  and  more  rapidly  than  the  furrow,  and  thereby 
causes  desiccation  of  the  furrow,  whose  enclosed  spongy 
mass  of  needle  Ice  acts  as  insulation.  The  clayey  soil  in  the 
central  area  is  frozen,  uplifted,  and  separated  from  the  furrow. 

The  change  In  volume  and  shape,  which  is  contingent  on 
freezing,  may  be  very  rapid  In  some  places.  Its  rate  depends 
on  the  compression  of  the  mass  due  to  cryostatlc  pressure.  In 
Spitsbergen  annual  frost  upthrusts  as  high  as  40  cm  were 
witnessed.  In  the  course  of  a  single  winter,  a  clayey  mass 
may  break  through  the  debris  surface  sheathing  and  form  a 
rough  outline  of  a  sorted  circle ,   Hydrologlcal  conditions  are 
of  paramount  importance  here.  The  author  distinctly  remem- 
bers seeing  clayey  column*  rise  from  the  bottom  of  a  shallow 
lake  In  the  autumn  and  break  through  newly  formed  lake  Ice. 

These  are  evidences  of  spontaneous  frost  processes.  One 
must  beware  of  rash  generalizations.   Nevertheless  the  signif- 
icance of  these  facts  for  elucidating  the  origin  of  patterned 
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Fig.  12.  Surface  changes  of  pattomod  ground,  due  to  short- 
term  (several  days)  frost  In  Spitsbergen,  September  1938 


Fig.  13.  Horizontal  movements  of  the  central  area  of  a  sorted 
circle.  Wooden  plates  tilted  outward.  Vegetation  cover 
crumpled  close  to  the  sorted  circle.  Homsund,  Spitsbergen 


Fig.  14.  Hexagonal  fissure  polygons.  Homsund,  Spitsbergen     Fig.  IS.  Fresh  frost  crackings  of  "nonorthogonal'  typo  In 

Spitsbergen  tundra 


ground  is  far  greater  than  has  generally  been  acknowledged. 

Frost  sorting  of  the  soil  Is  a  rapid  process.  Upfreezlng 
was  measured  by  the  upthrust  of  wooden  stakes  tn  the  ground, 
and  by  observing  specially  selected  stones.  The  experimental 
data  show  that  the  upfreezlng  "leap"  averages  S-10  cm  per 
year.   Such  a  major  upshift  of  stones  occurs  only  tn  the  soil 
surface  layer,  which  does  not  extend  deeper  than  20-30  cm. 
Below  this  layer  upfreezlng  of  stone  Is  slower. 

Lateral  soil  movements  were  observed  by  means  of  wooden 
plates  burled  to  a  depth  of  3  cm  within  the  central,  clayey 
area  of  patterned  ground  (Fig.  13) .  Following  an  annual 
freezc-thaw  cycle,  the  plates  shifted  slightly  sideways,  or 
tilted  outwzird.  Without  doubt,  there  Is  a  tendency  for  the 
soil  to  flow  down  a  convex  surface.  This  Is  also  corroborated 
by  wrinkles  and  small  lolds  In  the  lichen  coating  on  the  mar- 
gin of  a  form  (Fig.  13) .  The  movement,  however.  Is  slow  and 
Is  disproportionate  to  the  rate  of  upfreezlng.  Frost  heaving, 
by  which  we  mean  soli  exponsion  perpendicular  to  the  freezing 
front.  Is  more  rapid  than  the  migration  of  stones  at  the  surface. 

SOM£  REMARKS  ON  THE  ORIGIN  OF  PATTERNED  GROUND 

In  the  origin  of  patterned  ground  the  essential  role  must  be 
ascribed  to  forces  caused  by  freezing.  These  forces  lead  to 
changes  in  soil  volume  and  structure.  It  Is  difficult  to  sepa- 
rate the  structures  resulting  from  cracking  from  those  that  are 
an  outcome  of  sorting;  both  processes  may  act  simultaneously 
In  the  same  place . 

Many  scientists  now  distinguish  between  contraction  frost 
fissures  and  fissures  due  to  drying  of  polar  soils.  Some,  like 
BOdtl  C^]'       disposed  to  overestimate  the  significance  of 


desslccatlon  fissures,  especially  In  mlcropolygons .  Actually, 
the  majority  of  the  polygonal  fissure  systems  in  Spitsbergen 
are  connected  with  frost  action.  The  system  of  cracking 
depends  upon  local  factors .  Convexities  In  the  ground  foster 
a  development  of  a  throo-axis  system,  "nonorthogonal" 
according  to  Lachenbruch  [5] ,  which  In  turn  leads  to  penta- 
gonal and  hexagonal  forms  (Fig.  14).  The  fact  that  the 
fissures  cut  through  the  soil  and  the  tundra  turf,  and  even 
through  thin  rocky  slabs,  substantiates  their  origin  by  frost 
action.  New  fissures  found  in  the  vicinity  of  Homsund, 
Spitsbergen,  In  the  early  spring  of  19S8  confirm  the  evolution 
of  this  phenomenon  (Fig.  IS). 

Rapid  sorting  of  material  as  the  result  of  freeze-thaw  cycles 
Is  the  decisive  cause  of  soli  structures.  The  cycles  may  be 
daily  (I.e.,  comprising  changes  within  a  single  day  or  during 
several  days),  yearly,  or  they  may  extend  over  many  years. 

There  Is  an  opinion  that  the  number  of  dally  freeze-thaw 
cycles  In  polar  regions  Is  small.  Troll  [6]  estimated  S9  of 
these  cycles  for  Spitsbergen.  This  view  is  sub)ect  to  correc- 
tion. It  Is  true  that  air  temperature  oscillations  around  the 
0°C  point  are  infrequent.  On  the  other  hand,  such  temperature 
oscillations  are  far  more  numerous  at  the  soil  surface.  Thus 
In  1957-19S8  over  120  thermic  cycles  were  recorded  In  the 
soil  in  the  region  of  Hornsund  [7] . 

Daily  cycles  operate  to  a  depth  of  20  or  oven  30  cm,  this 
being  the  depth  of  autumn  frosts,  which  commonly  last  several 
days  and  are  then  followed  by  a  thaw.  It  has  already  been 
noted  that  daily  cycles  are  responsible  for  significant  changes 
at  the  soil  surface.  A  rapid  upfreezlng  of  stones  In  the 
surface  layer  appears  to  bo  the  main  effect. 

Therefore,  following  Czeppe  [7],  we  may  distinguish  three 
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basic  layers  In  the  soil,  corresponding  to  different  depths  of 
freeze-thdw  cycles:  (a)  A  layer  Involving  dally  cycles— to 
depth  0.3  m;  (b)  a  layer  Involving  yearly  cycles— from  dsplh 
0.3  tn  to  about  1.0  m;  and  (c)  a  layer  involving  cycles 
SXtendlng  over  many  years— below  depth  of  1  m. 

The  soil  to  d  depth  ol  30  cm  Is  sorted  best,  the  sorting 
operating  from  year  to  year;  whereas  jt  n*- Jter  depth,  the 
process  requires  longer  periods.   The  segregation  results  In  a 
horizontal  layering  of  material  In  the  soli,  with  boulders  con- 
centratcr!  at  the  surface.  These  {>henomen«  are  common  In 
Fx;irii  loqii  us.  More  accurate  daU  fOT  NOTth  QCMnlBIld  WM 
quoted  recently  by  Corte  [6] . 

The  effect  of  dally  thermic  cycles  can  bo  described  as 
rapid.  They  have  a  bearing  on  the  formation  of  needle  ice, 
and  also  on  the  after  effects  of  this  phenoriKinon.  Although 
thermic  cycles  affect  chiefly  the  surface  (i.e.,  micropoly- 
qons),  the  Impact  of  thermic  cycles  on  the  lower  layers  of  the 
soil  must  not  be  overlooked.  At  depth  ttiay  ere  responalbla  for 
stresses  that  promote  cryoBtatlc  uptliruttti  which  «i«  oonnon 
In  Spitsbergen. 

Hi*  arrangement  of  soli  Into  layers  due  to  the  froezo-Ibaiw 
processes,  appears  to  be  the  moat  important  effect.  Coarse 
soil  particles  upfreece  fcat«r  than  fine  particles.  Thus  is 
ionaed  a  sysMiD  ol  layars,  loaietUMs  havlnq  distinct  borders. 
Uambarg'a  thaory  of  upfreealng  of  atones  [9]  oiiist,  accord - 
tngly,  ha  oorraeted  and  sttpplaawntad,  for  dw  process  in 
qyestion  doaa  not  eonslat  of  ejection  of  tiugla  alaaiants,  but 
Is  ■  mass  sorting  of  tha  soil.  Carta  [B]  disaovafed  4ils  type 
of  soittng  In  laboratory  axperlawnts.  and  tbe  msult  of  (his 
reaeareb  taana  to  be  particularly  ralavaai  lo  polar  ^nomana. 

If  ttia  hortxontal  layers  of  tha  soil  are  disturbed  6om  below 
by  up  thrusting  of  fine-grained  material,  the  first  outline  of  a 
debrla  circle  developi  with  Its  characteristic  system  of  con- 
eanlrleally  arranged  layers  of  sorted  material,  tastanoes  from 
Homaund  and  Kongsfiord  provide  convincing  evidanca.  Devel- 
opment of  sorted  circles,  as  outlined  above,  saavB  to  eitplatn 
their  origin  most  adequately  (Fig.  16). 

Concentric  segregation  of  material  wtthin  the  circles  has 
also  been  noticed  in  forms  resulting  from  thawing,  which  arc 
found  In  Ice-cored  moraines  [lO-U'.  Thi3  tyi  ■  ot  j -(jugj- 
tion  Appears  to  be  exceptional.   Obscrval.j.  s  ti  n  S;- itsijor  j._ n 
ind.:  j;  •  LtiJt  i  j'.cral  movement  of  stones  on  cc:i'.'ox:t:-_s  :s 
rtitti  r  3liv,-,  aad  the  concept  of  gravitational  sou.ijg  :jy  al.duiij 
of  stone  5  Joes  not  api'ly  h'jf_-. 

T.'iij  t       of  Stone  borutr.'i  ir-  ^iorted  circles  and  polygons 
ntj  I  separate  problem.  This  form  depends  on  the  size 
and  nuKiLur  of  debris  particles  In  the  soil,  and  also  upon  the 
extent  of  swelling  in  the  central  part  of  the  circle.  Measure- 
ments taken  In  Spitsbergen  Indicate  that  sorted  circles  are 
subject  to  lateral  displacements  [7].  TH'-sl-  disf  lacTM-nta 
also  determine  the  form  of  the  circles.   The  cent::;!  ;ir-;-,i  rind 
insLdt  of  Lr,c  3tjnc  biordcr  ;iie  l»e,-:VL-ti:  o-.  iihi-r  hoiv.i,  no 

mc'.'(?r.i^n[  Jitis  been  ob.servei:  in  xiiu  uuicr  part  ol  tiic  liordor. 
Th(:  in  ivi  rn  nt      thi-  ci  ntral  3rea  pushes  against  the  Inside  of 
the  border  causing  the  stones  to  slide  down  the  steep  slope. 
Thus,  as  sorted  circles  develop,  they  expand  In  diameter.  It 
is  plausible  that  the  height  of  the  circles  Mil  change,  too, 
far  an  axoasslva  aocHnulattoa  of  alanaa  anarts  downward 


Fig.  16.   The  evolution  of  sorted  o:(.-;'os  ctirouqh  ver- 
tical sorting  (A),  Internal  sweliuig  iU) ,  and  surface 
heaving  (C) .  A  segregated  system  of  layers  (1,  2,  3) 
passing  from  a  vertical  to  a  horisontal  orientation 


piosstva  on  soft  ground  lo  that  itom  bordera  land  to  atnk  in 
mud.  Tha  lateral  novanant  of  a  oiielo  i*.  lhamfbra,  a  dlraet 
consequence  of  tha  vartioal  aawamant  of  iha  oamlnl  part.  Tho 
vertical  novement  of  a  bordar  la,  In  tum,  dependant  upon  its 

mass. 

Development  of  circles  is  very  closely  related  to  hydro- 
logical  conditions  (Fig .  17).  Laterally  interrupted  circles 
were  observed  to  occur  on  low,  muddy  ground  in  valley 
bottoms  subject  to  Inundation.  The  diameter  ot  such  circles 
rjrt  be  several  meters,  and  tlMir  boidars  ai«  low.  Thasa  fomta 
jp  cL'ar  to  be  fully  active. 

Most  regular  circles  with  a  diameter    f  1  to  2  rr.  arc  found 
oijovt.'  valley  bottoms,  commonly  on  terracci  Lhut  In  ihe  spring 
are  flooded  for  a  short  Sm—    ;  ly ,  and  where  the  level  of 
ground  waters  In  summer  t&      d-«;p  as  40  cm.  The  borders 
are  very  high  (up  to  O.S  m)  s-j  oompoTed  with  the  central 
clayey  port.   Such  circles  ar^  periodically  active.  Thoy  are 
subject  to  lateral  displacements,  but  their  borders  do  not  sink 
deeply.  This  accounts  lor  their  stately  appearance  as  well  as 
tr<'3hncss.  Tha  aiopaa  of  tha  bordara  ara  ataap  and 

asymmotrlc . 

Still  hiijh'-T.    jr:  :liy  I  CTi ,  v 'e .-; ,  tt-.e:<:  are  forms  jli  ;wlng  but 
slight  activity.   These  lorinL;  r.jvt:  ,j  v!j*tatSon  covit.  and 
stone  borders  have  beer,  n.-plarr-d  by  nils  jnd  nvulf.s  .  The 
situation  Is  reverse  to  that  on  tne  lower  terraces.  Miniature 
patterns  (secondary  polygons)  on  the  surface  of  these  forms 
are  undoubtedly  active.  Such  sorted  polygons  are  axposed  to 
intonalvB  oroatoo. 


Lake 


Fig.  17.  Tha  sha^a  ot  sorted  clzclaa 
ma  tic  dlagmm  nprosanta  a  imflla 


on  thalr  altuatlon  with  raspact  to  Ifaa  laica  (hydralogloal  condltionB) «  Tlio  ache- 
In  tha  Homsiind  fiord  ara*.  F— pnriBafroat;  Intainiptad  Una  naiki  grotudwaiar  laval 
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DsMloiMwnt  of  polygonal  fonu  (>.  thanton,  nlalod  to 
Uw  9wwral  morplwloglosl  dovelepmnt  of  the  whole  smb. 
Hits  IM  hardly  «  dlroei  dopondonoo,  ilno*  now  iocau  aiay  alao 
arlM  on  aMh,  high  mneM.  Hydiologleal  ooodltlaaf  oonsti' 
tuio  dw  daclBlw  fwior.  Tho  abmneo  of  MtMtjp  ob  tlw  iippor 
temoes  It  duo  to  dM  gtomd  being  diy. 

Coneentrle  helM  of  patienied  gtoiuid,  whtoh  aoRounil  Uw 
Mt»9.  oonatttuM  a  ty^oal  fhenoaMnon.  Fioah  and  fuUy 
active  forma  oeeur  In  the  leweak  belt  adjacent  to  the  lakea, 
and  farthuT  from  the  lakea  the  algns  of  activity  becone  pro- 
gressivoly  less.  It  aeems  obvious  that  degradation  of  perma- 
frost and  disappearance  of  the  lakes  have  eeiiaed  the  belta  of 
patterned  ground  to  grow  cenirtpetaUy. 

Degradatlonal  activity  of  flowing  waters  muat  he  oonaldeind 
ore  of  the  effective  causes  of  deterioration  of  patterned 
ground.   Many  soil  structures  are  developed  on  washed  (oma, 
and  In  places  where  surface  waters  become  too  abundant, 
potternerj  qrnjnd  cjraducilly  decays.  FiXSt  ttl*  fuifawa«  and 
then  Lho  whole  fcTTi  ;s  destroyed. 

Apart  frotr,  belr.g  reU^tc-d  tc  climate,  the-  jihenomenon  of 
p«jtterric'ii  grui^r.d  In  t-nUrfly  dei.i:nd<^nt   .n  local  conditions ,  and 
particularly  on  hydroloqlcal  conditi  ns.   If  tho  climate  remains 
constant,  it  Is  the  hydrologlcal  ccndlticns  that  determine 
whether  active  soils  become  inactive  in  )  vice  versa.  The 
author  has  seen  Instances  where  a  new  rivulet  has  revived 
patterned  ground  activity  In  plaeet  whare  focaia  bad  beoom 
completely  Inactive. 

In  light  of  whj".  hjs  boon  sa;d  jarvo,  patturr.cd  qrcund  nmat 
be  regarded  as  a  phenomenon  wltJl  wjde  dinuitlc  af.snc-i.itMr.s  . 
Patterned  ground  can  develop  outside  the  i;:.ri; irn-^  rjl  Ir.i-  .-]Lc;h- 
arct:c  z.me  and  Is  known  to  exist  in  various  climatic  bolts. 
Thi!  ;n:itance  j  ol  ^..ittemcd  ground  that  arc  found  outside  their 
typical  «one  haw  been  called  "azonal"  [6].   In  my  opinion 
local  factors  are  most  significant  here.   For  instance,  in  the 
forest  zone  of  Alaska,  typical  patterned  ground  occurs  only  on 
bottoms  of  shallow  lakes.   Llsewherc  vegetation  prevents  the 
development  of  patterned  ground,  elthough  local  temperature 
eondltlons  are  favorable.  Iffhera  the  vegetation  cover  Is 
removed,  structural  forms  soon  appear.  In  the  Tatra  Mountains 
In  Poland,  the  first  outlines  of  patterned  ground  were  found  In 
plooea  where  oian  had  destroyed  the  vegetation  cover  (I.e., 
Arough  eamplng ,  sheep  grazing,  etc.). 

Once  condltlooa  for  the  activity  of  patterned  ground  baoone 
rropltloua,  rathflr  rapid  davelepoMnt  feUewa.  In  tha  studies 
oonduetad  ao  tar,  loo  anieh  atianilon  has  been  paid  to  depand- 
anoa  of  pattamad  gtound  on  cllmaio,  vrhlla  the  biveatlgatlon 
of  loeal  oondltlona  (eiblcli  sen  be  lalatad  to  cUmate  oidy 
Indlreetli)  has  been  undevasttnaiad.  For  this  reaaoo.  It  is 
pototlasa  to  eensldar  tha  •volution  of  thsaa  ftna  against  tt* 
background  of  tha  gaologloal  or  tong-tana  cUiaatto  ounw,  as 
was  dona  by  BfHal  [1].  Instead,  rasaareh  should  ala  at  a 
nora  aeeurata  knoiwladga  of  looal  fheiora,  ftir  thasa  alona  are 
of  eraeial  liaportanoa.  It  la  lo  be  hoped  that  flald  experiatant 
will  provide  a  aatlafacMty  solution  lo  this  problem. 

In  oonolualon.  I  should  like  to  emphaaiaa  again  that  the 
origin  of  patterned  ground  la  very  complex.  It  ta  not  to  be 
expected  that  theae  phenoaiena  can  t>e  explained  by  a  aingle, 
all-embracing  theory,  ainee  the  processes  acting  are  by  no 
means  homogeneous.  On  the  one  hand  there  are  periodic, 
rhythmical  processes,  and  on  tiie  other  hand  nonperlodtc, 
spontaneous  ones. 

The  former  group  Includes  the  sorting  of  material  and 
upHirust  of  ooaraar  alaaiants  to  tho  ftaasing  autfaoa.  Hara 


also  brtoog  ebangos  In  voluaia  and  shape  as  wsll  as  looal 
haavlog,  due  lo  anaual  doaslng  and  thawing.  In  this  saasa, 
tho  conoapls  of  Poasr  [12],  Tabar  [13],  and  Scfaoidi  [U]  are 
oonaot* 

Iha  latior  group  eonprtsas  nwtnly  tha  factors  that  ars 
rslated  lo  eryestatle  pressura.  Tha  procass  of  pattamsd- 
gratiid  dsvalopmant  based  upon  this  foroa  la  rather  vlolant. 
SttkaehtVs  [IS]  OU  tfaaory  stttl  holds  true,  and  raoant 
obsaivations  [IS,  17]  eontrlbule  supporting  avldattea  for  It. 

Patterned  ground  develops  as  a  result  of  the  oond>inod 
action  of  porlodlo  and  nooparlodlc  prooeases.  Tha  relative 
iBpOftaneo  of  these  proceasea  la  determined  by  local 
oondltlons— (dhaattc ,  morphological,  and.  chiefly, 
hydrologlcal. 
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PATTERNED  GROUND  IN  SWEDEN 


IAN  LUNDOVIST.  Geoloylcal  Survey,  Sweden 


This  paper  relates  horizontal  and  vertical  distribution  of 
different  type*  of  patterned  ground  to  climatic  and  other 
factors  affecting  frost  action  in  the  ground.    The  main  con- 
clusions of  a  paper  by  the  author  L  1  J  concerning  such  features 
that  result  from  frost  action  are  included.   The  earlier  paper 
and  this  one  are  based  on  observations  made  during  20  years 
o(  field  work. 

Patterned  ground— Is  used  as  in  Washburn  CZ]  as  well  as  an 
enlargement  of  his  classification  system;  pattern  types  i  \ .  2. 
are  defined.    Phenomena  caused  by  the  frost  effect  upon  solid 
bedrock  or  by  landslides  and  other  rapid  mass  movements  arc 
not  considered. 

Vertical  distribution  is  studied  by  means  of  pioliles  Cl] 
(Tiy .  1) .  Climatic  data  are  taken  from  the  Atlas  ol  Sweden 
(Atlas  ovi!i  Svurige.  Stockholm,  maps  2S  to  32). 

Sorted  circles  of  two  types  occur:  Debris  islands  and  stone 
pits. 

Debris  islands  occur  throughout  the  Caledonian  Mountain 
Range  above  the  timber  line  and  also  at  lower  levels  in 
scattered  localities  in  the  northern  district  of  bouldor 
depressions  (rig.  I). 

Stone  pits  are  shallow,  a  few  decimeters  In  diameter  with 
a  floor  of  stones  without  fines,  generally  occurring  as  wet 
hollows  in  ground  covered  with  thick  vegetation.   They  occur 
mainly  in  the  Caledomdos  and  their  surroundings  and  they  are 
restricted  to  levels  between  SOO  and  1000  m;  that  is,  abqve  or 
somewhat  below  the  timber  line.    Rarely  are  stone  pits 
observed  at  lower  levels  outside  the  Caledonides. 

Nonsorted  circles.   Mud  circles  are  the  only  nonsorted  circles 
in  SMedesn.   They  become  elongated  mud  terraces  on  slopes. 
They  are  found  on  moderate  levels  above  and  at  the  timber  line 
in  the  Caledonides,  with  the  possible  exception  of  the 
southern  part  of  the  range . 

Sorted  nets  exist  only  as  intermediate  forms  between  sorted 
circles  and  sorted  polygons. 

Nonsorted  nets  are  variants  o(  other  patterns.   The  most 
distinct  type,  the  earth  hummock  or  knob,  is  similar  to  the 
peat  hummocks  of  bogs  but  consists  of  mineral  soil.  The 


inner  structure  of  the  earth  hummock  shows  involutions  and 
other  features  typical  ol  frost-heaved  soil.  Although  found 
all  over  the  Caledonides,  they  are  especially  common  where 
the  ground  is  rich  in  fines  and  has  a  low  boulder  content. 
They  do  not  occur  at  the  highest  levels  and  apparently  have 
a  distinct  vertical  distribution  (Fig.  1).   However,  they  also 
are  present  at  much  lower  levels  in  the  rest  of  Sweden,  far 
outside  the  district  Included  in  Tig.  2. 

Sorted  polygons  are  found  almost  everywhere  In  the 
Caledonides,  their  upper  limit  being  determined  simply  by 
the  lack  of  line  grained  deposits.    Below  the  timber  line  they 
occur  on  lake  shores  and  other  bore  ground  within  the  northern 
area  of  boulder.depressions  and— with  small  dimensions— on 
the  islands  of  bland  and  Gotland.   The  largest  polygons  (more 
than  S  m  in  diameter)  are  found  chiefly  In  the  southernmost 
part  of  the  Swedish  Caledonides. 

Nonsorted  polygons,  tormcd  by  contraction,  occur  mainly  In 
northern  part  of  the  Caledonides,  and  are  generally  rather 
small— about  1  m  in  diameter.   Ice  fillings  in  the  polygon 
fractures,  probably  ice-wedge  polygons,  have  been  observed 
but  it  Is  uncertain  whether  the  ice  is  permanent.   It  probably 
thaws  during  warm  summers,  leaving  the  structure  preserved 
as  differences  within  the  soil. 

The  lower  limit  of  these  features  rises  from  about  400  m 
above  sea  level  in  northernmost  Sweden  to  1000  m  in  the 
southern  part  of  the  Swedish  Caledonides.   The  upper  limit 
is  determined  by  the  lack  of  soil. 

Sorted  and  nonsorted  steps  are  most  typically  developed  as 
more  or  less  lobate  terraces  formed  by  solifluctlon.  Other 
types,  which  are  sloping- ground  equivalents  to  mud  circles 
and  other  phenomena,  occur  more  rarely.   The  most  common 
typo  has.  in  general,  a  bulging  (ront  where  a  concentration  of 
boulders  (sorted  steps)  sometimes  occurs.   The  area  of  distri- 
bution comprises  the  whole  of  the  Caledonides,  from  the 
timber  line  up  to  a  limit  rising  from  1100  m  above  sea  level  in 
the  north  to  1400  m  in  the  south. 


Sorted  stripes  are  found  over  the  whole  Caledonian  range  from 
the  highest  levels  to  areas  far  below  the  timber  line. 


rig.  I.  Vertical  distribution  of  earth  hummocks  in  the  Swedish  Caledonides.   The  upper  line  shows  the  approximate  upper 
surface  of  the  mountain  range,  the  lower  line  the  approximate  timber  line,  and  the  broken  line  the  approximate  lower  limit  of  a 
zone  With  intensely  frost- splintered  bedrock.   The  zone  with  earth  hummocks  is  shadowed.    Scattered  localities  with  earth 
hummocks  occur  outside  the  range  at  much  lower  elevations 
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Ftg.  2.  RagloMl  divltlon  o(  SMr«d*n  tasad  on  patMrmd  ground 


Moaaoctad  slripea  are  ganefalty  not  well  developed.  A  dl** 
tlnct  type  It  stripe  hummocks,  probably  closely  related  to 
earth  hummocks  though  formed  on  sloping  ground.  Ihetr 
distribution  is  unknown. 


No  sharp  Umlt  dlvMoa  the  snwlloat  houldnr  dopmaalona  and 
lug*  slona  ptti- 

Bouldnr  dopraaaloni  nra  found  awlnly  tolow  tho  ttmbar  Una 
within  ewe  dlatlnet  anna  (ng«  8 .  They  am  alao  found  abova 
tha  tlnbar  Una ,  oftan  covaiad  Mlh  water.  Batow  tha  tmbsr 
Una  they  occur  ao  far  below  the  Mghast  ooaatUna  that  clearly 
thay  ware  fornad  In  a  ellnata  at  least  aa  ntld  as  Oie  prasant. 
Tha  lowaal  tocalltiaa  wara  suit  balcw  aaa  lawal  during  tha 
poMgtaelal  etlmatle  o^tinnin. 

Nor.sone'.;  iieids  ai«  strocturalaaa  but  elaarly  lireat>aff acted 
ground  that  can  ba  Mmitlflad  ky  detenalnlng  tta  foag  axaa 
of  0M  Monaa.  Umi*  ava  Mfanfod  M  Oia  ^notion  of  tha 
alo|M  Instead  of  lea  aievaaient  or  mlatad  factors.  Most  of 
fha  atmeturalasa  ground  abova  and  inaiadlataly  below  tha 
tlnber  lliw  la  of  this  type  which  Is  Mao  <»aHaon«t  towar 
levels.  The  emet  dlsWbuitton  la  indcnown.  In  laany  uans 
tha  fimst  actloa  probably  tooik  placo  aoon  after  deglaclatlon. 


MGIONS  or  PMnSRMBD  CSROtWO 

A  suitable  dlvlalon  of  patterned  ground  to 
Fig.  1. 


Is  shown  In 


Sporadic  >aimaftest 

tanaftost  occurs  in  the  highest  parts  of  the  Caledonldes. 
ItaOfe  are  active  qlaclers  as  far  south  as  lat.  SJ^N  and  here 
petnaboat  areas  are  small  and  only  situated  at  high  levels. 
In  northernmost  Sweden  and  In  valleys  in  the  northern  partol 
the  Caledomdes.  permafrost  is  observed  also  at  lower  lavals, 
wall  below  the  timbor  line.  Generally,  the  raglOB  la  cU- 
matlcaUy  enclosed  by  the  isotherm  for  a  aiean  annual 
tanparatura  of  -  Tc  or  -2''C. 

riosan  mineral  soil  la  found  In  scattered  drillings  and 
axcavatloaa.  but  tha  most  ooamoA  pamafrost  is  tha  palsan, 
hllloeks  with  altamatina  layars  of  loa  and  poat  In  tha  bogs. 
Thay  ara  found  mainly  In  the  aaataro  part  of  the  noithent 
Caledonldes  and  soma  distance  east  of  tha  Caladonldas.  Tha 
upper  Unrit  of  palsan  distribution  Is  dsteraUaed  by  dw  lack  of 
peal  at  high  lavals.  Tha  lowar  Uaat  naas  from  about  300  m 
above  sea  level  In  ^  north  to  600  m  in  Oie  aouthammost 
tooalltlea. 

Monsoited  polygons  are  diaracteflstlc  of  this  region,  but 
their  distribution  dtffars  tan  ttat  of  tha  palsan.  Thay  ara 
reatiletad  to  tha  area  ataeva  tha  tlmbar  Una  and  aiciand  tuithar 
south  In  tha  Caladomdaa  than  tha  palsan.    Than  they  oocur 
•van  south  of  tha  permabost  rsglon. 

Caledonldes 

Patterned  ground  is  devplopod  best  In  the  r.^ ti-,' ;  jn  MiD-jn- 
idli)  fUjuge  ntjc'.'f  'J-ie  tlrr.btjr  line.   All  the  dbu  .i. -::ientiGr.._'d 
types  Ot  [i.T'.tfirnf  il  qrouiul  oritur  wuhl.'i  this  reglor. ,  tho'jgh 
often  only      limi:rd  jltitudns.    Thi"/  ..in-  i.'Vtrr-.Iy  iprcsid  uvor 
the  whole  area — i.'xccc;  icT  nonsor'.od  polygons.   The  best 
developed  large  sorted  polygons  and  the  cracks  seem  to  be 
most  abundant  In  tha  aoulbscn  part  of  tha  range. 


Sorted  cracks  are  straight  Unaa  with  a  concentration  of 
boulders .  They  exist  on  nearly  level  ground,  are  Independent 
of  slope ,  and  belong  to  the  same  region,  the  southern  port  of 
the  Swedish  Cafodonldas,  as  tha  bast  davalopad  sortsd 

polygons. 

Nonsorted  cracks  are  a  very  rare  boulder-  free  varlMtt  of  the 
Distribution  end  formation  are  unknown. 


■Sorted  !:i-ids.   BouldrT  !i<-ltls  diTivi'C  Irom  Host- Mphnlered 
beorocic  ara  found  sr.  th'-  hjyhr-st  ports  of  t)i<;-  C.iltidonldcs. 
b'-t  the  cr.iy  type  ol  sorted  fields  discu5s.?i  here  .'ire  boulder 
dejjressions .    These  are  flat  iielos,  situated  chiefly  In 
shflllo-.v  depressions,  with  a  surface  of  pure  boulder  matenai 
which  gradually  decreases  in  slse  downward  13].  Diameter 
of  tha  dapraastons  may  range  ftam  a  faw  to  hundrsds  ot  matars. 


B<'ni  I A  ■  •  r  n<  •  pre  ':.  m  1  o  r  i 

Sorted  polysjons,  riif.-les  .ir.d  nofj.  i.Mttti  hummocks,  and 
sorted  stripes  are  also  found  in  this  ro<jion.  though  only  in 
favorable  positions.    The  first  three  types  aiO  found  SMlnly 
on  lake  shores  below  mean  water  level. 

Apparently  a  connuctlon  exists  between  the  region  in 
question  and  the  highest  coastline,  but  this  does  not  hold 
true  In  detail,  louldar  dapmsalens  eeeur  on  mudh  lower 
levels. 


1  alsnds  of  Gotland  and  Oland 

On  these  Baltic  Islands  smalt  sorted  rolyjons  ar/J  nets 
despite  the  comparaUvely  mild  cUmate  (mean  annual 
I  about  7*C} . 
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In  dM  fouthsmmoit  ptrt  of  9M«d«n,  fossil  panemed  ground 
It  obsMVwd  as  lca-wad9«  casts,  involution  structures,  and 
similar  pbanonans.  These  Indicate  an  arcdc  climate  er.tircly 
different  from  the  present-day  mild  climati'.   Thi-y  wore 
probably  formod  perlglacially  duilng  th<j  cold  Older  Dryas 
porlod  .41  which  endfcl  in  approximately  IIJ.ZUC  B.C.   A  iew 
scittcTc  l  observations  in  central  Sweden  m  Ji:  .tti-  .uriilar 
penglacial  conditions  at  a  later  stage  (probably  about 
6700  t.C.). 

Reg*,  of  9Mi^'ifn 

Nr:  [.•■rn: orient  pjttcjne  i  j-round  Is  known  in  the  rest  ol  Sweden. 
Canh  h  jrr,rroc:.;s  may  occur  In  favOtable  positions  bUt  IbStr 
distribution  is  unknown. 


FACTOM  OONmOLUNG  DISIMBUTION 
Locnl  Conditions 

In  detail,  the  possible  formation  of  different  p.9tt<-rn5  and  the 
types  developed  do  rot  seom  to  follow  cliTiotic  lines.  They 
are  probably  ruled  by  local  factr^r:  ,  rr.iinly  soil  composition, 
boulder  content,  yradirrt,  vrqc-.o'.io.n,  and  relation  to  the 
water  I.it:;^.    Thi'  niitlinn,  "ir.-  fr-ubly  determined  cllmatlcdily. 

Soil  conditions  FroU^i.i.y  liavr  l.iile  effect,  since  some 
patterns  c^n  otvious.y  ty  roirir  1  r'.-iT-  ir-.  .jri'.ind  with  very 
little  frosi--';'-,iive  .•;u-v:,ci.tiui.ity.    Fotlurnci.;  around  can  be 
found  oven  m  r.jt.ner  pure,  coarse  gravel.    Thus  some  patterns, 
especially  mini.3tur._-  forms,  are  found  on  glaclofl'^vial  deltas 
in  the  Caiconniccs .    So;ifluctlon  steps,  however,  .seem  to  be 
best  developed  in  fine  grained  soil,  and  tend  to  be  more  ootn- 
mon  in  soil  cover  derived  from  loose,  mica-rich  schists  tiian 
in  regions  with  hard,  more  siliceous  rocks  '.  1  ,  Fig.  22. 

If  boulders  are  not  extremely  numerous  and  large  they  will 
not  present  patterned-yround  formation.    Well  developed 
patterns  arc  found  even  on  very  bouldery  shores  and  on 
boulder  fields.    Boulder  frequency,  howevei .  aflects  the 
pattern  formed.    Some  types  (stone  pits  and  sorted  circles, 
nets,  polygons,  steps,  and  stripes)  are  restricted  chiefly  to 
bouldor-rlch  grour.J.    0*her  types  (mud  circles,  earth  hiun- 
moclts.  nonsorted  f'nlv  7cr,s  and  ftepp. ,  and  others)  are 
Ob-'",'-rved  otijy  on  gir;':r  d  ''",v  i^r  rif  i  fxiul-  icrs . 

Slope  conditions  affect  pattern  form.    Symmetrical  nets, 
polygons,  and  circles  occur  on  flat  ground.    The  steeper  the 
slope,  the  more  elongated  the  patterns;  extreme  forms  (.steps 
and  stripes)  are  entirely  restricted  to  sloping  ground. 

Some  type.s  (earth  hummocks,  mud  circles,  stone  pits, 
sorted  and  nonsorted  steps)  seem  to  require  vegetation.  If 
this  is  absent,  other  types  are  formed  under  otherwise  similar 
conditions.   Sollfluctlon  steps  and  earth  hummocks  require 
•omn  vngetatlon— or  stone  mantle— to  keep  the  soil  oollactad 
In  tameas  or  hummocks  and  prc^^crve  the  forms.  Sons  typas. 
such  as  mud  circles,  depend  entirely  on  tba  vegetation  in 
scars  where  they  form. 

The  close  relation  between  patterned  ground  and  vegatation 
ts  especially  evident  In  the  lower  parts  o(  the  Caladoni4as> 
Herbs  and  shri|bs  that*  ara  rethar  thick,  to  pattarns  fomvad 
by  swtlng  pioeastas  ara  found  mainly  in  shallow  daprasslona 
wMoh  ara  usually  oovarad  by  waur.  Aiutuam  is  almost  Hm 
only  tlnw  thay  aio  dzy> 

Tha  watar  tabla  afioBta  pattarn  formation  In  two  wayst 
(a)  A  shallow  dsfXh  to  tba  wvttr  kaaps  tha  soil  nolst  and 
foellitatas  foraiatlan  e(  pattarna  faqiolno  movamants  of  fiiias 
In  the  soil.  <ld  If  the  watar  ubia  amargas  at  tha  aiirfooa  most 
of  the  year  it  also  pravents  tha  giowth  of  thick  vagatatien  and 
thus  foelUtstes  fomatlen  of  pattarna  iaquinn9  absanoe  of 
vagatatien.  This  Is  tnia  chleOy  for  die  area  above  the  timber 
Une<  uriieiB  fan  growth  is  voiy  weak.  In  low  and  aoneitnos 
in  high  legions,  bogs  develop  la  similar  positions,  and 
psttanied  ground  dees  not  tem. 

Vagatatlva  pntaetlon  does  not  cmislat  of  plants  alone.  The 
lOots  piotaebty  contribute  to  ground  stability;  and  tha  vagata- 
tlva oovar  traps  snow,  thus  making  a  thldtar  anew  cover  than 
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on  bare  ground.* 

The  above  oondltiona  were  observed  and  used  In  clasaliying 
patterned  ground  [S,  6,  7].  They  piobaMy  rasult  in  aooation 
of  the  pattomsd  ground,  which  is  often  found  in  alpine  and 
subalptne  rsglcns> 

Pattern  types  that  develop  in  the  abaance  of  thick  vegeta- 
tion ara  found  at  the  highest  elevatton  where  soil  exists.  In 
fovoreUe  positions,  such  as  lake  shores,  bouldar  fields,  and 
the  like,  they  mey  develop  even  balow  the  timber  line. 

Pattern  types  that  develop  in  a  oobeMnl  vegetation  cover 
are  absent  at  high  levels  bacause  thinning  of  the  vegetation 
eraatas  a  distinct  upper  limit.  At  lew  levels,  on  the  other 
hand,  thicker  vegetation  protects  the  ground  against  frost 
action,  thus  setting  a  lower  limit.  In  favorable  looalltlas, 
however,  some  pattern  types  eictend  to  much  lower  alevatlons. 

If  too  saiaU  an  area  is  obsanrad,  ens  might  falsely  con- 
clude ttiat  ellaMtlc  conditions  causad  the  zonatlon.  For 
lltttanoa,  a  lower  limit  of  sorted  polygon  distribution  is  often 
observed  within  small  areas  at  some  distance  above  the  tree 
line.  A  close  search,  however,  generally  shows  that  aoried 
poSygorvs  are  well  developed  far  below  the  tree  line. 

In  Sweden  the  most  easily  observed  limits  of  most  pattern 
typos  do  not  follow  climatic  for.T,  lines,  such  as  isotherms, 
but  climatic  conditions  allow  the  formation  of  most  types  In  a 
much  larger  p.art  o!  Sweden  than  is  geneially  ob.servod. 

These  staternT.t s  are  pi-rely  typi  'lr.ii  i,    ; .    Sfim-  cenplex 
patterns,  such  as  sorted  polygons.  cjrrl._'S.  and  nets,  car.  be 
fonnr-d  try  ditSTfrt  f  recesses .    T^js,  .".ow-v-^t  ,  dot'S  not 
necessarily  init-dy  tli:U  ail  proces.si-s  '..k:.'  pKif-e  •.s'lt.-iln  the 
whole  of  SwediMi , 

Although  wi'  l.now  ::ttli'  o!  the  aye  id  T.tvji  jiott._'rn  foma- 
tlons.  we  do  k  ruv.v  th.3t  ?cr;e  arc  fc::jl.  oth-crE  rictive. 
However,  the  altitude  above  sea  level  ana  occurrences  on 
lake  shores  clearly  show  that  patterns  must  have  formed  under 
climatic  conditions  a*,  least  as  mlM  as  the  present,  because 
during  colder  periods  the  areas  were  located  b»'lciw  sea  or  lake 
level,  and  the  patterns  would  have  been  destroyed  by  wave 
action  or  sedimentation.    If  tho  :nrnat,ar,5  are  -Tlder  they  must 
derive  from  an  even  milder  period  than  the  present.  Further 
scrutiny  shows  that,  except  lor  fossil  patterned  ground  in 
southern  Siveder. ,  all  pattern  types  can  probably  be  formed 
under  present  climatic  conditions  where  they  are  foUIMl^even 
iJ,  in  certain  m-.tflnres  ,  they  are  fossil. 

The  ralun  r'  iior  .'UU  km  northwest  o:  Stockholm  [1,3.8.! 
supplies  a  gcK  d  oxjrrt  le.    Factory  smoke  has  kiUed  vegeta- 
tion over  a  lmj-..j  J  nr.'  3.    Not  only  boulder  depressions  but 
also  sorted  polygons  and  stripes  have  formed.    This  region  is 
situated  far  from  the  Caledonides  and  at  a  relatively  low  level 
whore  such  patterns  are  not  formed  generaUy,  except  on  lake 
shores  and  the  like. 

CUMATIC  CONDITIOIIB 

Climatically  detennlned  llailts  ef  pettemad  ground  do  not 
follow  climatic  isoUnes  exactly,  because  of  local  factors. 

The  limit  of  the  northern  area  of  boulder  depressions 
(Fig.  1)  follows  the  general  course  ol  Isotherms.  Assuming 
that  low  temperatures  are  necessary  for  pattern  formation,  we 
find  good  correlation  between  the  limit  and  tha  -5'^  C  or  -4° C 
isotherm  for  February.  This  lempentuva  la  necessary  for  the 
formauon  of  bouldar  deprasslons.  earth  bunnooks  and  aorted 
polygons,  elreles,  nets,  and  atnpas. 

The  southern  ana  and  the  Baltic  Islands  an  aMnaonal  l9l 
amoeptlona,  oauaad  by  eapecially  favwabU  oondltlons. 
Sparse  vageiatlon  and  a  thin  soil  cover  on  flat  badndc  of  far 
especially  good  oondltlons  for  fofowtleo  ef  ^pmm  patterns. 
Under  pnvaiUng  eondltons  a  aomawhat  higher  tampantim  la 
sufficient,  su^  aa  -3*  or  -4*C  (Fetaniair  mean  tempantun) 
m  loutfaem  Smdan  and  -I'c  on  the  Battle  Islands. 

Tha  ooiralatton  wiib  the  mean  annual  tenpentura  is  poor, 
but  the  Unit  of  the  northern  area  oorraaponds  roughly  to  tha 
taothem  for  4^C,  while  the  ioutiiani  araa  la  narked  by  the 
S.5*C  isotherm. 

Solifluetfon  steps  are  to  a  great  extent  natrtcted  to  in- 
nadiatsly  above  tha  Umbm  Una.  This  la  auppoeedly  an  effect 
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of  adaphic  factors,  but  the  climate  may  alto  b«  r*strieUva.  Ke 
special  isotheras  follow  the  area  llmita  with  ■oUfluction 
■teps.  but  precipitation  la  much  vreater  tfaera  Uhui  In  the  rMt 
of  Sweden,  tn  both  winter  and  tumner.  Melttng  anew  and 
dinct  taturauon  by  rain  water  probably  eontnbuM  to  wUflHO- 
tien.  Ihua  the  lower  Umlt  of  aolifluetien  cl«pa  la  datanalaad 
climtl6Blly<  wbanaa  the  «w«r  Uodt  ia  dalanninad  by  apwsa 
vegetation. 

Nomocta^belyaona,  (onaed  by  oontnetlen,  tava  •  disttnet 
lewar  Uatlt  and  raglonal  dtsMbutloa  ta  lh*  Catodonidaa  noith 
of  lat.  S3^N.  lha  adaphic  or  aoll  oendltloiw  ava  the  aana 
withia  and  wioout  the  area,  ao  tha  Uait  auiat  ba  eUnatle. 

Polyvon  tomatlon  ts  noat  pioteUy  ftvond  by  low  or  near 
(raaalnd  taaipantivas.  A  low  aiinuaar  tempefstura  also  helpa 
pnaaiva  ioa»wadpas  In  polygon  ftasuna.  Such  an  assunptlon 
agtMS  wall  with  lha  dlslrtbulloa.  Ihls  panam  ocows  In  a 
cold  ragloin,  tboiifh  not  the  eoldast  la  ttaa  MMar  saaaon.  In 
apilap  and  aumaier  it  la  ooldast  with  a  May  temparatun  of  0* 
or  l"C.  froai  October  to  April  the  aiaaa  tampanture  Is  below 
laie  and  fmai  Jm»  to  S^tMAor,  nawar  abov*  10*C.  Die  araa 
la  alio  wall  anoloaad  by  the  laothana  of  about  •^C  ataan 
annual  tempemture. 

A  thin  anow  oovw  In  die  winter  might  be  important,  hut  no 
relation  balwaan  this  and  the  distribution  of  the  polygona  ta 
observed. 

Possibly  the  formation  of  mud  drclea  Is  cllmatleally  da« 

ternuned  in  a  similar  way,  but  Insufficient  knowledge  about 

distribution  precludes  further  discussion. 

Very  large,  strictly  angular  polygons  as  well  as  linear 
features  (crack :0  ■n-i-v  to  !>.•  nv  iiictf'cl  to  the  southernmost 
part  of  the  3woiJi5h  Cj Ujdonidos .  thuuyh  knowledge  of  distri- 
bution IS  ir;con-;i|'  :•      In  fact,  this  area  has  thi"  moEt  pro- 
nounced local  oonunental  climate  in  S^A'aden,  haviny  winter 
temperature  anomalies  of  -3''C.    In  the  rest  of  thp 
Calodonides  the  climate  Is  more  merttine.  having  positive 
winter  temperature  anoBiallaa<  Ihla  fliay  have  aoflte  affect  on 

pattern  formation. 

Low  wmtor  and  autumn  tr^np-eraturcs  combined  with  low 
prcci(3itjt)0n  m.jy  also  oxp^.iu.  fjfltti'rr.  distribution.   The  mean 
temperature  frPTi  D-comlx-r  to  IVljtuiiry  i';  a!x>.j:  -10"  to  -  1  2  C. 
and  wir.ter  precipitation  Is  equal  to  or  less  than  SO  mm  per 

march;  these  conditiana  probably  favor  flasura  famatlOB  by 

frost  contraction. 

Palsen  h.sv<^  .3  rlim.itu:  Jl :;tr:butict:  similar  to  but  not 
coincident  with  that  of  the  rion  jortiMi  polygons  and  other 
permafrost.   Palsen  formation  loquLf!';;  greater  winter  aeat  loss 
than  summer  heat  gain.    Consequor.tly  ,  palsen  thrive  in 
regions  of  rf-latlvcly  low  suinraer  tftnpi">ra;ure .  where  .Tiaxlnum 
temperature  is  reachod  for  a  few  days  only.  The  length  of  the 
winter  aaaaea  ia  impoitaat  alaea  lha  aiaa  with  palaaa  la  waU 


aaeloaad  by  a  aubaam  temperature  curve  for  200  to  210  daya 
a  year.  Bicoaptlona  eoeur  where  the  summer  tampaatuMa  aia 
•apadallr  Uab.  aa  In  the  Kliuna  lagloa.  Conelatlon  wltfa  the 
maan  anaeal  tasipantura  la  not  oonplate.  but  generally  palaaa 
occur  wbara  it  la  lower  than      or  '3*C, 

Winter  precipitation  and  anow  eovar  thickaaaa  also  affect 
palsoa  fdrmatlon.  Under  favonble  tamparatiiio  coodltlcna, 
palaaa  ant  abaant  la  araaa  whara  precipitation  bom  Meweiabas 
to  April  exceeds  300  mm.  or  where  the  mean  snow  cover  thick- 
aaaa aneaads  1 2D  em.  Local  axeaptioaa  oeeur  If  wind  eondl- 
tlona  raault  in  a  thinner  or  thicker  anow  cover  than  la 
auneuadlaa  axMS. 

C0NCLUSI0M8 

Sorr.e  hnut;.  o!  patterned  ^rour-d  arid  perxafrost  are  clunaticatly 
deti-rmi ncd .   Othiu  .ippatifi-.t  liin.ts  withirj  &v<?den,  suc".  as  the 
rcstrlctit^n  o'  ^,onr  patterr-'j  t-^  thi*  Ca leiionuii.*',; ,  ate  liut* 
chiefly  to  edaphic  tactors.    These  limits  arc  related  to  the 
climate  only  br^cauf.e  vegetation  type  depenas  on  the  climate. 
Thesf  Mtaieiiicntri  :<■'.!■<  only  to  .ireas  lik.e  Sweden,  a  relatively 
broad  (rinye  .^re,^  n'  the  Arctic.    Thi-y  are  prolvihly  not  valia  in 
the  Arctic  itsoif  or  in  narrow  (rirkgs  areas,  in  the  Arctic  the 
sparce  vegetation  probably  haa  laas  affacton  patterned  grotiad 
than  the  colder  climate . 
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SOUFLUCTION  AND  AVALANCHES  IN  THE  SCANDINAVIAN  MOUNTAINS 


AN&ER8  RAFF,  Unlvaralty  of  Uppiala,  awMM 


The  cold  and  trecluss  part  of  the  earth's  surface  at  high  lati- 
tudes or  at  high  altitudes  is  called  the  perlglaclal  zone.  It 
does  not  Include  the  ground  covered  by  glaciers.   During  the 
ia*t  tew  decades  both  geomorphologists  and  •nglneers  have 
•hown  taiereasing  interest  in  this  envlronMM.  At  least  three 
reasons  explain  this:  (1)  The  perlglaclal  mam»,  particularly  Its 
aiaritlme  subarctic  part,  probably  has  dw  MOtt  TapM  denuda- 
tion of  all  climatic  zones,  due  otainly  10  froM  WMlharing  and 
•olifluction.  (2)  Such  perlglaclal  proeaaaes  and  alopa  waab 
bava  probably  aided  the  devetopownt  ol  land  ionaa  In  wide 
araas  eatalda  the  Qaatentary  inland  loa  rtwats,  eg. ,  in  oen- 
iral  EioDpa  and  Nordi  Anorica .  (9)  Fwlglacial  praoaaaaa  are 
alao  of  practical  intereat  to  enalneariafl  deatga  In  high 
latitudaa  or  alUludea. 

One  very  infomatlve  project  on  perlglaclal  maaa^matlng 
tma  the  eonilnuoua  raoonllng  of  exogana  prooaaeea -acting  on 
alopaa  of  the  KITkavagge  trough  valley  in  nonhem  Soandl- 
navia  ( 1]  *  ^  valley  li  altuated  ahov*  the  fanM  lUttt  on 
mlea-acihlat  bedrock;  cllnate  la  nwrltlna  aretlcr  annual 
precipitation  la  about  1000  nun;  latitude  is  6S*U'N.  Pwaia- 
froat  ia  not  found  here.  Annual  recordings  of  the  actual 
danuduion  hi  teat  areaa  ataned  fai  19S2;  some  recordings  have 
continued  ainoe  IWl,  byl.  Annorstan  and  L.  TjemstrOm  [i.  3  j. 

The  active  exogene  prooeaaes  are  frost  and  chemical  vv«ath- 
erlng,  rockfalls.  snow  avalanches,  earth  slides,  mud-flows, 
talus-crucp,  sollfluctlon,  running  water ,  and  wind. 

A  more  detailed  discussion  of  these  exoqene  processes  Is 
given  '  1  ]  .    '  jr.ly  iwri  main  processes  are  discussed;  sol; - 
(luctl:^n,  which  is  an  example  oi  a  continuous  process,  and 
snow  «valandwa«  which  ars  sporadic  and  momentary. 

SOimVCTION 

Sollfluctlon  W.3S  originally  'jst-d  by  I.  G.  Andersson  t5l  whO 
defined  it  as  th<-  "slow  flowing  from  higher  to  lower  ground  of 
masses  of  wjstu,  saturated  with  water"  and  a    sirt'-r-jj  it  a 
chief  agent  of  denudation  In  cold  climates.   The  Scrm  was 
later  used  in  a  wider  sense  (or  slow  soil-flowing  In  tempor.it'- 
and  tropical  regions.   Some  authors  also  include  rapid  move- 
ments, such  as  obvious  mudtlows  and  slides.    To  avoid 
confusion,  new  terms  have  been  pi  .poserl  for  the  c:nld-cltmaie 
solltluotlon ,  f.uch  as  congelifhn;  I  Tt  [b],  ij'-li-iL'lllluctlon  [7], 
and  £t^inuct_^o£  [  S]  .    Sc.Ji!lucti-.n  is  usod  in  this  report. 

Frosl  action  l.n  tho  ground  is  often  indicated  on  the  surface 
by  different  types  of  patterned  ground  [i].   On  horizontal 
ground  these  develop  as  circles,  nets,  and  polygons;  but  on 
sloping  ground  they  are  elongated  downslope  or  are  repre- 
sented by  different  types  of  steps,  terraces,  lolws.  and 
Stripes.  Downslope  movements  seem  to  occur  from  ffltnlmum 
tnellnations  of  about  2"  to  3°  [9,  10].  The  transition  fion  flat 
ground  patterns  to  downslope  sollfluctlon  forms  is  of  tan 
obvious  in  the  field.  There  seems  to  be  a  close  Mlatlonablp 
between  frost  heaving  and  similar  cryoturtMtioa  processes  on 
flat  ground  and  sollfluctlon  on  slopes.  Most  ground  above  the 
forest  Unit  is  probably  affactad  by  movementa  oauaed  by  boat, 
aldMugh  diera  are  wideapiead  areas  whsre  no  amielural 
patiam  haa  developed.  Lundgvlst  says,  'the  only  areaa 
where  die  ground  is  not  aflbctsd  by  frost  aetlsn  to  any  appre- 
elaUa  degree  are  probably  eapaolally  well^ntaied  reglona. 
Such  areaa  are  eoarse-gralned  and  vwllHlralned  till. 
hiauMeky  aUallon  moralnea. . . ,  deposits  of  glaelofluvlal  or 
wave^Mshad  gravel'  [11] . 

Ihls  ^latino  ladleatea  that  sollfluctlon.  aa  well  as  boat 
heavUig,  Is  faelliuied  by  fine  gntaied  soU,  especially  with  a 
high  oontint  d  silt  and  an  abundant  supply  of  water  [1%  19, 
14].  Boib  Bortfaig  and  tafl«vlag»  due  to  f^t  actloa.  are  jpoa- 
slble  In  soils  «dth  psrtlcdiea  larger  than  0,07  mm,  aa  aliown 
In  laboratory  anparinwnta  by  A.  Corttf  (sea  ertlda  bi  this 
volume}. 

1»0 


According  to  experiments  by  Beskow,  :i:::i:-heavlng  depends 
upon  the  tormatlon  of  ice  layers  parallel  to  the  surface.  Watsr 
Is  drawn  from  adjacent  earth  to  the  growing  Ice  layer.  Thus 
both  water  content  and  voluBie  tncreaaa.  Sollfluctlon  move- 
ments occur  mabily  during  spring  dww  but  also  at  autumn 
fraese  [IS,  It].  Hie  mala  movamsnl  ia  probably  a  viscous 
Ham,  at  least  In  tha  lobes,  as  la  shown  by  the  flow  Unas  of 
lobe  811  in  rtg.  I.  Detaliad  maaauraoMnu  of  solifluetlon 
SMvameni  at  Mestersvlg,  Giaanland,  dww  a  clear  dombunoa 
oi  fhnr,  not  of  heava-subsldanee  ( 17] . 

Measurements  of  Sollfluctlon  Movements 

In  KSrkcvagge,  sollfluctlon  movements  wen  recorded  by 
annual  checking  of  markings  in  downslope  and  transverse  test 
lines  (Fig.  1).  Three  types  r>i  markings  were  used:  (1)  Oil 
paint  on  boulders  and  cobbles  (In  many  cases  the  Stooas  mova 
mora  rapidly  than  the  ground  Itself,  probably  due  to  stroagar 
ItOSI-heaving  and  needle  ice  action) .  (2)  Wooden  stakes 
driven  vertically  40  to  SO  cm  into  tha  ground.  (3)  Stakes 
drivan  IS  to  20  cm  Into  the  ground.  To  tttasa  marielngs  Ibr 
raoordlng  surfleial  movement,  last  pillars  irara  laur 
added  19,  16]  for  ohedcbtg  Uta  vertical  velocity  pnflla  in  tha 
ground. 

In  Pig.  1  the  stakes  an  drawn  aa  aswU  etreles.  They  ftarm 
two  downslope  lines  over  the  talus  cone  onto  the  aollfluetlan 
slope  betew.  The  interval  between  two  stafcea  in  each  line  Is 
about  20  10  40  m.  Between  the  two  downslopn  llnaa  thera  ara 
several  iranavsrse  lines  of  pataited  matktatgs  on  aionaa  or 
small  stakes  in  the  ground  (Fig.  1.  m). 

Positions  of  the  markings  wen  chedied  wUb  a  steal  tape 
once  every  submmt.  Measunments  wen  sianed  from  a  fued 
pohit  (FO)  on  the  rockwall,  1 .5  m  above  the  talus  top.  By 
using  two  plumb  bobs  the  accurate  distance  between  th* 
stakes  In  the  downslope  line  was  measured  30  cm  above  the 
ground.  Measurements  are  estimated  as  accurate  to  i  O.S  cm 
per  measured  length.  Lines  should  be  checked  from  fixed 
points  tn  bedr  ck  at  the  lower  as  well  as  the  upper  end  of  the 
line.   This  metli'd  is,  however,  recommended  chiefly  for 
riT ii:dlr.cj  rKjVt  n  i  n-  i  i-i  talus  slop'.-s,  whore  no  fixed  p>ciint8 
occur  o.-j  the  t:ivuj  niuntlu  .    Recently  a  more  a::;:ui6te  meas- 
uring meth  id  was  established  In  a  test  Iteld  inanged  by  the 
author  and  1..  Tjernatr."tr.  ir-.  1<)62  at  thi-  Tail.ila  field  station  in 
the  K<-bni  V.aise  moutains  .f  northern  Sweden.    Straight  and 
nearly  horizu.Ttal  lines  are  established  by  oil  paint  on  the 
talus  slopes  and  by  oil  p>alnt,  wooden  pins,  and  test  pillars 
on  the  lower  tlll-covered  slopes.    Wrxiiden  pins  were  driven 
about  IS  cm  into  the  ground.   Each  test  pillar  was  about  0.7 
to  0.9  m  long,  consisting  of  wooden  cylinders,  1.2  cm  in 
diameter  and  2.  cm  in  length.   The  linos  arc  checked  by  theo- 
dolite readings  from  fixed  points  in  bedrock  \17]  combined 
with  straightened,  thin  wire  fastened  to  bedrock  fixes  at  both 
endpolnts.   Wire  strstghtemng  is  checked  in  the  theodolite. 
On  every  .jl  n'-  ['tui'.i^d  uy  the  fixed  wire  a  line  1  to  2  cm  wide 
is  painted  and  located  vertically  from  the  wire  by  a  plumb  bob. 

The  above  methods  :ojk  ern  actual  movements.  An  attempt 
to  measure  the  total  sollfluctlon  movement  during  tha  post- 
glacial period  was  made  by  T .  Lindell  In  a  study  of  aneleni 
lee-lake  shontlnes  at  Lake  GiOvelsjfin,  DalaoaiUa,  cantral 
Sweden  CM],  flhoraltnea  %nra  tbrmad  during  the  deglaciatloa, 
probably  about  WOO  yasrs  ago.  Most  an  still  dlstlact,  borl- 
sontal  Ihies  of  elean*«i«sh«d  bouMera  and  shew  no  defocma- 
tionsi  hut  In  tha  watlsr  parts  of  the  alopa,  aollfluetlan  has 
moved  the  Ihies  downslope  about  1  to  9  m.  The  soil  material 
la  a  wave -washed  guaruUle  till  with  only  about  10  to  aOft  of 
silt  and  finer  gnbis.  Incdlnailan  of  tha  alopa  with  deforaMd 
shorelines  is  as  high  aa  2S  lo  33*.  Thus  the  soil  Is  only 
slightly  susceptible  to  solUluciton,  iudging  from  the  gntai- 
else  composition.  Movements  are  prohably  fossil  and  of  a 
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colder  or  mam  humid  period  than  today,  as  a  iMll  d*v*loped 
podzol  profile  covers  this  -^lope  now. 

In  tha  Canadian  Arctic  noat  raised  shorelines  are  evidently 
undlaturiMd  by  creep  and  MlinucUon .  but  in  some  places 
■oltfluetlen  lobes  transgress  raised  boaches  by  several  Unas 
Iba  9  n  distance  given  above  iiV]. 

The  most  rapid  solUluctlon  moveinvnts  racordad  In 
KArkavagge  are  from  test  lines  CI  and  Cb  (Fig.  1),  nAUa 
raeordlngs  along  tiw  two  CI  lines  show  almost  no  aovMiant  at 
Ihe  talus  bsaa.  StabtUty  than  and  somewhat  dowaslope  la 
oonflimed  by  transvana  Unaa  SS  and  S6  whleh  an  alralgtat  and 
hava  sbown  praetleally  no  daformatlon  for  Diaa  yw».  Una  87 
ifaewa  looal  amwananla  of  about  10  om  bvn  195»  to  IW. 
lowart  awftclal  nwvanant  la  tneraaaing  4  to  7  cm  per  yaar 
and  haa  a  aMscimuB  of  2S  to  30  ea  par  yaar  In  loba  811. 
Movaaiani  of  auch  a  loba  la  padiaps  c^loal  and  of  diort 
duratloBt  bat  this  ona  shows  sbBllar  novaamta  6an  19SC  to 
1982.  Hon  ttia  eontant  of  sJlt  and  ftawr  grains  la  as  hi^h  as 


30  to  40%  of  grsins  finer  thar»  40  mm.  It  is  very  susceptible 
to  frost-ho'jvlnij  and  soliduction,  having  an  abundant  supply 
of  melt  water  from  many  large  snowdrifts  higher  on  the  slope. 
Probably,  the  shape  of  the  ninaral  grains  also  facUltaias 
solUluctlon:  most  are  small  mlea  slabs ,  which  seem  to  be 
Idaal  for  cre«p  and  soil  flow.  Consequently,  solKluction  here 
la  aKHamely  rapid .  Average  Inclination  of  the  slope  is  about 

IS  to  as*. 

Many  iraaavana  Unaa  show  that  wator  saturation  faoUl- 
talss  soltfluction.  Ganarally.  small  daptesslons  and  other 
paths  with  much  water  during  snow  melting  also  show  die  most 
rapid  movements. 

Ihe  verttoal  velocity  profile  of  moving  soils  Is  being 
checlMd  with  Rudberg's  last  pillars  In  and  around  M^kevagge, 
and  alto  In  the  VRateibatten  sMuntalna  and  at  Taitala, 
Kabnakalaa.  Soma  raaulu  fitom  Mndbarg's  aaaaunaMnts  In 
Rttdtawaigga  and  adjaoant  localiuas  wwa  rapectad  taoanUy  p] , 
IndioBtIng  a  eonnaon  depth  of  tha  novbtg  l^iar  of  about  SO  to 

ISl 
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60  cm .  Averag*  ■uffieUl  MMMMnt  vwlfts  from  0  to  7.S  ca 

cer  yuar . 

An:.thoi  i.M!:oat>on  of  3'-j|lfluctl::n  and  thickness  at  the 
atiected  layer  is  obtained  by  analysis  of  the  Qrientation  c( 
oblong  stones  on  sloping  ground.    S:  liductlon  clearly  turns 
stones  in  the  dlrectlor.  of  movement  120],  and  b  th  above  and 
below  the  highest  marine  limit,  atones  In  Savhl;,  commonly 
point  downslr  pe  ir.  the  upper  decUaetert  ol  till  [id]. 

Sollfluciljn  ConclusionB 

The  rate  o!  ticl  jal  soliductton  muvtrment  on  5..i%  .rabl-.  sitvs 
(fine  grained  till,  hitjh  trroarid  wjti.-r  l..vr;]  ;n  Scandir. j vl ir. 
mountains  varies  from  0  to  8  cm  ftii  year.  In  extreme  cases  as 

much  as  30  en  par  y«ar»     recordsd  oa  tiound  ineUiMd  llrom 

10°  to  30^  . 

,M;  vement  Is  most  rapid  at  the  surface  and  decrease* 
toword  zero  .3!  about  50  to  60  cm  depth  In  mcist  cases. 

T  •.al  gr  jnd  movement  due  to  solifluctlcn  and  similar 
cau.'U^'i  d.iriny  the  whole  postglacial  p«rlod  is  1  to  9  m  In  late 
gljcMl  5h'jrellncs  at  GrBvelsjfn,  Dalecarlla,  In  rather  cuarf* 
grained  •.ill.    Most  shorelines  had  not  moved  measurably. 

Mo:it      lui.jctlon  recordi.igs  In  Swedish  mxin'.rtlns  lr;dlc,ite 
(he  same  magnitude  as  those  repcrted  frcm  measurements  by 
other  authors  [9,  10,  14,  15,  16,  171.   Those  studies  indi- 
cate Chat  solKlucttott  on  favorable  sites  causes  yearly 
turflclal  movement  from  a  few  centlneters  to  decimeters. 
Th«se  values  are  lower  than  thOM  suppoiad  by  somt  Who  hav« 
overestimated  the  effect  of  aoUfluctlon  and  judgad  6<Dm 
distinct  surface  forms • 

AVALANCHtS 

Soow  avalanches  ara  rapidly  moving  masses  of  mow,  either 
■lldlng  or  faUing  [21.  22,  23]. 

Although  the  term  'avalanche"  has  also  bean  uaad  (or  othar 
types  of  mass  movements  without  snow,  a.g.,  "dabrts  ava- 
landiaa"  [24],  1  use  tha  tam  only  (or  matt  naveaiaMt  of 
snow,  flwre  or  last  puia.  Whita  avalaachat  oaaaist  of  elaan 
snow,  naanlag  that  Uiay  hav*  no  aroslonal  affaet.  Dlity 
avalanetaat  oonslsi  of  mew  itlxad  wtth  wasla  of  aiodad  dabria, 
plantt.  alc.x  haaea,  dtrty  avolaaefaas  hava  dlvaei  o*onoiphle 
bifluanoa. 

Oaonaorpble  activity  of  avalanchat  tt  very  Important  In 
many  awuRtalntt  althotivh  oflan  ovarlookad  by  both  gaonor- 
phologltta  and  anglnaara .  Prom  Tabla  1  and  from  Iba  wary 
dtttlact  traces  of  avalancha  aroslon  on  dia  ground  It  la 
obvious  that  snow  nvalattehat  «ia  a  p»u  mss-wasting  agant 
bi  tfia  higbar  parta  of  Iba  Swadiah  Catadonldas  [  i.  2S]  aa  wall 
at  ia  aiany  otlMr  anuntaln  aroas. 


Tkbia  I.  Quantttias  moved  per  year  by  momanlary  naaa  mova- 
mants  in  Urkevagge,  19S2-1960 


Tons  moved 
(oar  so  km) 

TonHMtari* 

Earth  alldaa 

43 

20  000 

Mudflowa 

U 

76  000 

Avalaitdtas 

IS 

22  000 

Bockfalls 

9 

»  SOO 

^Vertical  rr.ovca>enl  tLmt-s  tons  equals  ton-meters 


The  most  powerful  and  dangerous  type  of  avalanche  Is  very 
likely  the  slush  rivrtl.ir.che.   Prub.icly  ,i  close  relationship 
exists  In  the  mei;h.jru sir.  ul  rnov.iiTieni  bi!tween  these  and  the 
"slushi.rs"  or  "  slushflows"  krijwn  fr  n  Greenland  and  Arctic 
America  as  debris -carrying  processes  [26,  27]  but  also  as 

Itowt  of  etoan  aluah  on  glaetora. 
aiMfaAvatonchaa 

Slttih  avalanches  In  KSTrkevagge  havo  all  occurred  in  a  lata 
phasa  of  spring ,  during  rapid  snow  malting .  They  wara 
raleasad  t>y  melt  water  that  sattiratad  tha  thick  snow  eovar 
on  leabound  dussbolds  in  brooks  or  small  straama.  PotMffia 
and  far  taachlng,  tbay  oonalat  of  larga  mattat  of  very  wat  and 
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heavy  snow,  lci»blocks,  water,  and  often  Include  large  quan- 
tities of  soil  and  rock,  eroded  from  their  substratum.  They 
mark  the  catastrophic  opening  of  the  ioa-  and  Sncw^ammad 
brooks  tci  the  spring  flood. 

Rocklall  debris  Is  roughly  sorted  (small  particles  tend  to  ba 
deposited  high   n  the  slope;  boulders,  lower  down).  Ava- 
lanche deLri.'.  if-  1  idlly  mixed— finer  grains,  boulders,  earth, 
and  plant  fragments  all  over  the  deposition  tongue.  Mixed 
debris  on  high  lioulders.  eovaied  by  dirty  snow  before  nwlttngi 
Is  typical.  Erosion  marks  In  tha  ground  such  as  pits, 
scratches,  and  parallel  groovas.  plowed  by  gliding  boulders 
also  Indicate  avalanche  activity.  Below  iba  forest  Itna,  ava- 
lanche tracks  are  easy  to  recognise  at  open  paibt  In  the 
forest,  often  with  bant  and  brokaa  treat. 

Uudi  Bvalanchaa  have  occunad  In  Xlb-kavagga.  In  araa  1 
shown  In  Pig.  2,  each  of  two  awalandiat  iranapoitad  mora 
tban  200  cu  m  of  soil  and  rock  500  m  out  onto  gwMly  atoping 
ground  In  tba  valley  bottom.  Teatifybig  to  Oa  tranaposting 
capaolty  of  the  19S6  avalanche,  one  boulder,  ataaaurbig 
S  by  3  by  2  m  with  an  estimated  walgbt  of  7S  lomt,  waa  moved 
ISO  m  down  a  slope  of  only  S"  Indtaatlon.  Thut  laige  boul- 
dert  en  flat  alluvial  fbna  in  tha  high  mountabit  of  Lapland 
could  have  been  deposited  there  by  slush  avalandiaa  rather 
tban  by  larreBbi  or  aiadflows.  Conaequsntly,  oara  should  ba 
taken  to  avoid  looatlng  roads,  railways,  powarlbiaa,  and 
houses  where  aluab  avalanches  can  ba  axpactad.  Their  large 
atsa  and  high  dantlty  enable  them  to  extend  stvprlslng 
distances  on  flat  gtouad  In  (be  valley  bottoms . 

Tracks  of  Biasa  avalancdias  can  bo  traced  in  summer 
surveys  and,  in  olivioua  cases,  from  Interpretation  of  aerial 
photographs.  The  brook  course  and  eroslonal  and  depositlonal 
features  on  the  lower  parts  ol  their  tracks  ara  clear  proofs  of 
sporadic  and  powerful  avalancShas  on  certain  alluvial  fans  or 
valley  bottoms. 

Slush  Avalanchi-a  on  the  Kinina-Warvlfc  Railway 

The  lists  o(  traffic  dtstuibanoaa  on  the  Kiruna-Narvik  railway 
ara  mainly  reports  of  wblta  and  dry  avalanebas,  cautbig  oMoy 
a«pentlve  traffic  dalayt  (at  at  Ut.  Nuolja  near  Ablsko}.  Ihay 
ara  most  frsquaat  tat  March.  Anothar  manlmuni  In  May  It  due 
to  altiah  avalandiat.  judging  from  daterlptlont  Ui  tha  tapectt 
and  from  the  topography  by  the  two  tracks  of  Hie  lata  ava- 
lancbaa.  One  track  It  tintaiad  on  Mt.  Kalsapakta,  east  of 
Abtsko,  the  othar  at  Kvltur.  t*  km  from  Narvik,  both  where 
sleep  brookt  cross  tba  ralhMy  line  In  a  eourse  of  tha  same 
type  aa  the  one  In  Mbkavagga  (aactlon  V,  nwrfcad  aa  No.  1  In 
Fig.  9. 

In  Table  11  lema  data  C 1]  ooReamIng  the  Kaisepakte  and 
die  Xvttur  avalanches  ars  quoted  iiom  the  railway  reports.  At 
Kvltur  a  rt»f  «ras  built  above  the  railway  as  protection  against 
■he  avalanches  and  at  Kaisepakte  other  artificial  protection 
wat  oonstruoted .  On  two  occasions  rails  were  torn  off  tha 
railway  bank  by  avalanches . 

AVALANCHE  CAXASTROPHE 

Coal  has  been  mined  at  Longyearbyen ,  Spitsbergen,  since  the 
beginning  of  thia  century.  During  World  War  U  tba  village  of 
tongyoaitayan  was  destroyed  by  uUltary  foroaa.  Aftar  die  war 
a  group  of  houaea.  Including  die  hospital,  waa  built  on  a 
small  alluvial  fan,  which  seemed  to  offer  talar  and  drier 
ground  than  the  outwash  plain  that  fUlad  moat  of  the  valley 
bottom  neaiby.  The  alluvial  fan  Is  titualad  In  front  of  a  small 
trlbttlaiy  valley  or  ravine ,  about  2  km  long  from  Ita  beginning 
on  a  glacier  fraa  auuntaln  plataan  (400  m  above  the  main 
valla^  to  ita  moMh  wtth  tha  fan  and  houaat  (Pig.  3}. 

Yaart  patted  witheiit  any  remarkable  Oowt  or  alldat,  but 
on  fane  11.  I9S3,  the  houses  were  saiaihad  by  a  wat  ava- 
laneha,  carrying  rock  debris  and  loablocka.  Iba  description 
of  dio  event        the  diapa  of  the  imie  valley  and  aUuvtal 
Ian.  and  dw  lima  of  the  catastrophe  bidloala  diat  a  aludi 
anndandba  waa  talaaaad  by  snow  suparaaturatad  wtth  malt 
water  higher  in  Ca*  tributary  valley.  Three  parsons  warn 
fcUlad  and  12  tojund. 


Copyrighted  matsrial 


Copyrighted  matsrial 


Table  II.    Probable  slush  avalanches  on  the  Kiruna-Narvik 
Railway  at  Ml.  Katsepakte  (Nos.  I  to  5)  and  at 
Kvltur  (Nos.  6  to  8) 


Number 

Date 

Remarks 

1 

May 

1916 

Line  blocked  by  snow,  earth,  and 
rock  waste.  Traffic  halted  one  day. 

Z 

May 

25,  1929 

Snow,  earth,  boulders,  tree  trunks 
In  a  mass  up  to  2.5  m  thick  and 
100  m  broad.   Ralls  wore  torn  up 
for  30  m.  Traffic  halted  one  day. 

3 

May 

28,  1934 

Two  avalanches  at  2-hour  interval. 
Traffic  halted  14  hours. 

4 

May 

18,  1938 

Small  avalanche .  Traffic  halted 

S 

June 

2.  1940 

Small  avalanche. 

6 

May 

27.  1917 

Ralls  torn  up  for  70  m. 

7 

May 

5.  1919 

e 

May 

27,  1958 

Snow,  boulders,  earth  In  a  200  m 

broad  cover . 
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ORIGIN  OF  STRING  BOGS 


ERWIN  SCHENK,  Gtessen,  West  Germany 


String  bogs  arc  muskegs  with  undulating  surfaces  (Tigs.  I  and 
2).   In  Europe  they  are  called  aapa-moor,  strangmoore  (string 
bogs),  and  rlngmoore  (ring  moor).  They  are  widespread  in  the 
boreal,  needle- treo  forest  zone  of  the  northern  hemisphere. 
Their  topography  is  characterized  by  lenticular  hummocks  and 
depressions,  by  long  and  low  ridges,  and  by  long  and  shallow 
holes  or  ditches.    Both  features  are  covered  with  distinct 
plant  commumuesr  each  is  strictly  confined  to  a  definite 
ecological  situation  that  is  controlled  by  the  ground  water 
level  and  water  supply.   Peat  growth  and  moor  structure  19 
determined  mainly  by  the  water  budget.    Botanists  speak  of 
mlnerotrophlc  and  ombrotrophic  plant  associations  and  term 
them  "fen"  and  "moss."   Special  differentiation  was  described 
In  1926  wlj.    In  the  undulating  muskegs  or  aapa-moors  the 
differentiation  of  xerophytic  and  hydrophytic  plant  communities 
Is  due  to  ridges  artd  depressions  ( F^s.  3  and  4) .   The  ques- 
tion since  the  end  of  the  last  century  has  been:  What  causes 
the  configurations  of  xerophytic  and  hydrophytic  plants  In  the 
moors,  and  what  causes  these  strange  patterns  in  the  same 
peatland  ?  Sjors  L2J  emphasized  that  "the  strange  patterns 
formed  by  these  features  are  more  difficult  to  interpret  than 


the  features  themselves  are." 

Most  striking  is  the  rippled  surface  of  these  moors.  The 
distarK:e  between  ridges  that  separate  the  shallow  ponds  and 
depressions  may  be  only  a  few  feet  or  many  meters.  The 
ridges  cross  the  valley  bottom  nearly  perpendicular  to  the 
direction  of  general  drainage.   Often  they  form  scallops  which 
connect  one  ridge  with  another,  thus  suxroundiivg  small  and 
shallow  ponds. 

These  moors  slope  so  slightly,  that  ridges  and  depressions 
arc  difficult  to  recognize  at  close  range.   The  pattern  can  best 
be  seen  from  a  plane  or  high  point  of  a  mountain.   In  former 
lakes  and  in  small  basins,  concentric  configurations  of  the 
ridges  and  depressions  (Fig.  1)  are  observable. 

EVOLUTION  or  PROBLEMS 

In  188S,  Swedish  botanists  [3]  Investigated  and  described 
these  strange  patterns  of  the  moors  in  the  arctic  and  subarctic 
areas  of  Europe  and  recognized  their  relation  to  the  frost 
climate.    Svenonius  [4J  also  interpreted  them  as  frost  phe- 
nomena. A  dtcad*  or  so  before  191S  cletsic  ttudie*  on  this 


Fig.  I .  Ring  and  string  bogs  at  the  west  slope  of  the  Talk  River, 
(Mac's  Foto  Service,  Anchorage,  Alaska.  19S9) 


Susltna  Valley,  about  60  miles  north  of  Anchorage.  Alaska. 


US 


rig.  2.  String  bog  In  the  delta  area  of  the  Susltna  Valley  near 
Anchorage.  Alaska 


Fig.  3.   Inclined  sections  of  an  aapa-moor  near  lokmokk, 
Lapland,  ^cden.  forming  strings  and  ditches  filled  with  water 
(19S8) 


Fig.  4.  Permafrost  ice- lenses  In  the  Interior  of  a  suing  within 
an  aapa-moor  near  lokmokk,  Lapland  (19S8) 


1S6 


Fig.  S.  String  bog  recently  flooded  by  melt  water  is  near 
Pelly  River,  east  of  Whitehorse,  Canada  (I9S9) 


rig.  6.   Tilted  sections  of  a  moor  forming  strings  near 
Pelly  River,  Canada-  Cracks  appear  like  dark  lines  in  the 
water;  steep  left  side  of  the  sections  and  the  Inclined  surface* 
at  the  right  of  the  strings 


Fig.  7.    Border  zone  of  a  string  bog  near  Pelly  River,  Canada, 
shows  the  white  volcanic  ash  layer  which  Is  also  found  in  the 
Interior  of  the  strings,  thus  givir>g  a  measure  of  the  settling 
and  tilting  of  the  former  moor  surface 


mattsr  Cs,  6,  7]  wen  pubUslwd.  Ca|a»tor  imwd  llwsa 
*tnng*-p«tt«tM<l  moon  "wpaHBOors." 

Sine*  then,  w  tmvm  Iwd  both  the  botanical  and  gaoiogloal 
ffobtoma  of  dlftafMiliatliia  baM««i  vagatatfon  covar  and  ildga 
and  dapraaattm  dawtopinwit.  Auar  Csl>       atudiad  attlna 
boga  In  laiiland,  made  a  oompmhanalvo  eiqilanatlon  atlll 
valuaUa  today.  He  empbaslsad  the  effect  of  lea  thsuetlng; 
Lundcnrlst  [9]  pointed  out  that  this  does  not  explain  the  origin 
e(  strings. 

Patterned  bogs  have  a  world-wrlde  distribution  in  high  latl* 
Uidea  of  the  northern  hemliphere  [10,  ll];  fhay  belong  to  the 
taiga  (boreal  oonliai)  lagion.  A  eenptakanaiv*  atwtir  of 
RHMiaD  litamtun  txti  pievldad  an  awc^tottt  imaciMMatiM 
and  nap  of  tha  diatilbutlon  of  atring  boga  In  northem  Einasla' 
Other  papers  and  maps  Cl3.  14J  ihow  the  raglonal  dIsMbuUon 
and  raladon  to  tta  area  of  apondle  panoafteat  in  Seandlnavla. 

ObaaivatlonB  In  Nonlli  Aaiartca  and  Swadan  C2. 15. 16] 
•xpandad  tlie  knawladg*  of  string  bog  occurrenee  and  appaar- 
anoa  In  tlw  northern  hemlaphara.  Aapa-moors  alao  occur  in 
the  conifer  foreata  of  mMdla  Europe  L 17-24J .  In  a 
Plataiocana  drvia  near  Xnlabla  Mountain  in  tha  Mack  Fbraat 
(Sdhiwanwald)  in  aoutham  Gamany.  t  raoogniaad  a  tyatoal 
aapuHMNT  [2S].  The  relation  of  atitng  bogs  lo  tha  treat  di* 
Mate  was  laeognlMd  aariy  (3.  4l,  but  tha  axaet  aMohanian 
of  dw  initial  fenaatlen  of  tha  stflngs  haa  fasMlnad  qpiaatlon- 
abla.  Seaia  aaauaia  that  a  combinatlan  of  blologleal  and 
hydmlogleal  Caolora  are  mainly  responsibl*  for  tha  fonaation 
of  the  atrtngsandkoUows  [2«  13.  19.  Ibagiowlngef 
tussocks  in  raws  Oiat  dan  up  tha  %ntar  C 13,  14]  inttlataa  tha 
davelopaient  of  sMngs- 

Seow  Cs,  B,  10]  believe  that  string  bog  davolopmant  Ci.a., 
tha  SMIHS,  scallops,  and  depressions)  is  due  to  sollfluctlon. 
Hamalin  ill]  agrees,  although  he  believes  other  processes 
and  conditions  are  also  involved  in  their  formation.  Drury  [  IS] 
believes  that  water  running  through  tha  vagatatlon  cover  on 
the  surface  of  tha  fzozen  noor  may  ba  a  factor  in  developing 
a  Mb- Ilka  pattam. 

SOUFLUCnON  W  STRING  BOGS 

Iheawaning  of  solifluetlon  should  b«  restrtct«>d  to  its  original 
sense  of  the  aoil  awvaaiant  that  is  caused  by  freezing  and 
thawing.   Sollfluetion  is  that  movement  of  the  thawed  soil 
caused  by  the  oversaturatlon  of  the  aoll  with  waty,  the 
aa>ount  of  which  is  increased  by  ireeainQ  nroees^s  127].  The 
and  effect  is  denudation  and  aociunulatlon.  tha  two  basic 
processes  that  fbrrn  tha  boa  of  our  earth. 

In  tha  atflng  bogs,  howavar,  no  flowing,  eliding  or  rolling 
flMvasMat  of  earth  or  turf  la  obaaivabla.  IMHiar  is  denudation 
nor  aeeunnlatlOB  obaarvad.  Also  no  fbim  of  solifluetlon- Ilka 
awvaawat  in  tha  ftaestng  and  thawing  moors  in  tha  areas  with 
modaiala  climate  Is  rsccsdad,  «van  though  tha  slopes  bare  may 
not  ba  as  gantla  as  in  tfaa  Oat  paatlanda  of  tha  North.  Neither 
m  Bpusbaigan,  Swadaa,  Lapland.  InOia  FUpJat  awamps  [2Bl 
nor  in  lealand,  Labrador,  norOHrestam  Canada  and  In  Ala rica 
(whara  I  looked  for  It  en  a  half  year's  Mp  in  1954  was  any- 
thing  Ilka  denudation  or  deposition  obaarvad  within  or  in  tha 
•nds  of  strtng  moors  (figs.  I  to  0 .  The  atrlnga  ahow  no 
•vidanea  of  sellflueticn*  Iha  ridgas  pmduea  no  changa  in  tha 
davalopaiant  of  tha  turf  layer,  but  aolhlfalt  M  unintamiplad 
growth  and  davalopnant  of  the  vagatatlon  covar  from  fan  to 
mosB.  Vary  old  strings  are  continuing  to  ba  built  up  without 
Inlsnwptlon  C 12] .  A  slew  aollfluctlon  night  hava  sona  affect 
Cs],  but  Qua  caamt  explain  the  Initial  ianaation  of  stiinga. 
Slow  SMwasMnt  femlng  slight  waves  haa  been  obaerved  [ISl 
in  die  peat,  but  this  is  definitely  not  compareble  with  soil- 
Auction.  In  Lapland,  a  daik  layer  (rig.  4i  Is  present  in  tha 
turf  Bwss  which  enables  observation  of  the  deformations.  In 
northwestern  Canada  and  Alaaka,  the  displacement  can  be 
recognized  by  the  layer  Of  volcanic  ash,  formed  about  1400 
years  ago  <Flg.  7)  [29,  30],    Both  layers  indicate  no  soli- 
fluetlon.   Moreover,  the  lack  of  string  bogs  In  permalrost 
areas  remains  a  question  because  In  such  areas  solifluetlon 
Is  one  of  thr-  rroin  processes  forming  the  landscape.  Strinys 
and  scallops  are  very  well  developed  on  slopes  by  soUfluctioa 
but  no  Btflng  boga  ara  praaont  in  swanpy  anas  (fig,  ?)• 


RBUnON  TO  KDMATilOCT 

Boring  and  digging  In  tfaa  Lapland  aapa-owors  first  abowad  that 
loa-lenses  are  praaant  tai  dia  rldgea  (Fig.  4it  even  tar  south  of 
tha  area  of  discontinuous  and  spoiadlc  parmfiost  that 
Black  C  30]  mdleataa  in  his  nap  of  panMifoat  dlaMbutlon. 

LundcprM'a  awp  Cl3]  also  staiea  tiiat  apomdlc  pamaliost 
ootwa  only  In  the  mouatalnaus  ragfon  of  northern  ftradaa. 
alAough  ha  found  mora  in  the  soulh,  Tha  lea  within  the 
strtngs  bsgtns  SO  to  30  en  banaadi  tha  surfaea  of  dta  sphagnum 
covar  and  sarophyue  plaM  pattern;  in  places  tha  ioa  ands  at  a 
depth  of  M  to  100  em  at  tha  ground  water  laval,  but  do«s  net 
nwlt  in  the  auninar.  Tbare  can  ba  no  doubt  that  thia  ic*  la  a 
relic  of  peimafrost  of  fbrmar  tlaias  and  now  belongs  to  the  sone 
with  sporadic  pemaftost.  Buoti  ice  is  desotbed  CO,  13l  In 
Dataina  and  V&mtand,  auddla  Avadan,  and  in  strtng  bogs  that 
occur  soHthwardt 

Others  C2,  IS,  31}  daaoiba  pemsfioat  features  in  the 
string  bogs  Of  Nortt  America.  Near  mile  120,  Richardson 
Highway,  Alaska,  in  the  border  zone  of  permafrost,  the 
scallops  of  string  bogs  occur  in  an  area  with  a  deep  active 
layer.   Going  from  Anchorage  north  along  the  Susitna  River, 
or  flying  along  the  Kuskokwim  River,  Yukon  and  Pelley  Rivers, 
or  across  Labrador-Quebec,  the  string  bogs  disappear  as  soon 
as  the  continuous  permafrost  zone  is  reached.  Frenzel's  112] 
map  shows  that  the  border  of  permafrost  reglmi  :,  ni::ludlng 
sporadic  permalrost,  coincides  with  or  cross.rs  th-r  broad  zone 
of  string  bogs  in  northern  Eurasia.    String  boys  ar.?  also  lack- 
ing in  Europe  and  Siberia  wherever  cc-rnmuods  permalrost 
occur?  Li',  1 5  J  .    Tnesp  ob3f'r\'atjor,F.  S'j-iTest  that  the 
developrr.ont  of  .string  Lc;?.  nay  be  related  to  the  melting  of 
permafrost. 

Ice-lenses  in  the  In'crior  of  !he  strl.igs  (Fig.  4)  nave  nearly 
flat  bases  bjt  the  side-:  and  tops  are  vaulted.    Their  surfaces 
have  thi'  "lamc  contour  as  ihv  vi'g(»t«t!on  cover.    In  many 
pl.^<  i-N  their  bases  lie  deep  bi'iow  thr  -jro  .Md  water  level-  The 
water  level  on  both  sides  of  the  n  l.jcs  is  rarely  equal.  This 
proves  the  impermeability  of  the  ndics  because  of  their  often 
high  mud  content.    The  rid'jes  arc  asymmetric  with  a  steep 
side  facing  dowrislopc  in  t'n^  dlicction  of  general  drain.jyr-, 
and  a  gentle  -.uii-  l.irni^  .jpslopt:  (rsg?;.  3.  S.  rtnd  6).  .'iomo- 
timcs  fresh  rracVis  poralJni  t<i  the  jxoi;  ol  the  rir.gos. 

They  are  coneiated  with  the  devoioping  and  thawing  ol  ice- 
lenses  during  the  winter  and  summer,  respectively.    Parts  of 
the  ndqe  break  down  and  form  smaii  steps.    Thus,  they  in- 
crease the  a  lyrr-nu'trlc  form  of  t.'io  ridges  by  increasing  their 
Steep  upsiope  scarp,    rreguently,  ridges  are  observed  to  be 
parts  of  large  or  small  sections,  the  surfaces  ol  which  are 
turned  against  the  general  direction  of  drair.age  and  ground 
water  movement  (Figs.  3  and  5) .  Also,  it  is  easy  to  discern 
the  dip  of  these  sections  by  the  depth  of  black  layer  or  of 
volcanic  ash  (Fig.  7) .  A  repetition  of  thair  layers  is  found 
by  boring,  showing  that  in  places  one  section  has  moved  over 
another.   Occasionally,  borders  of  the  section  are  apparent 
In  the  clear  water  (Fiy .  3) .   Mud  beneath  the  turf  layer,  which 
originally  had  an  over-ail  equal  thickness,  is  generally 
thinned  at  the  upsiope  end  of  the  section.  This  thinning  of 
tha  nud  layers  could  only  be  caused  by  water  movamenl. 
Thus,  wa  can  reconstruct  the  former  profile  Of  the  section 
(Fig.  7).  All  this  indicates  that  no  solifluetlon  occurred , 
but  that  tha  original  turf  layer  was  broken  into  sections  which 
eollapsed  diflersnUy  and  tilted  upslopa  against  tha 
ground  water  movamant. 

OfllQIN 

Cenaldartng  thasa  faets  nakaa  It  saan  possible  to  explain 

the  origin  and  furtiiar  dawalopaMnt  of  the  atring  bogs,  first, 
the  processes  which  oocunwl  when  tha  aioor  and  pemafieat 
were  developed  have  to  be  oonsiderad. 

Sedimentation  of  mineral  material  In  a  basin  was  probably 
followed  by  deposition  ol  organic  mud.  muck,  peat,  and  turf 
as  the  lake  or  t:<in:l  or  va.lcy  :x>:torT.  was  filled.    Also  above 
the  pemafrost  layer,  the  moor  was  continuing  to  develop.  The 
vegetation  cover  epread  over  pensafiost  Just  as  we  see  it 
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doing  today.   Thick  peat  and  turf  layers  were  built  up  over 
permafroct.  CxitUng  moors  (rose  slowly  and  entirely  to  their 
teMS  on  the  bedrock . 

The  water  content  of  the  mud  and  pelt  layers  U  extremely 
hlyh  because  the  organic  material  absorbs  oonslderable 
water  [  333 .   During  freezing ,  this  (osmotic  and  adsorbtlve) 
water  was  moved  to  the  freezing  front  and  developed  Ice 
layers  and  thick  Ice-lenses.  The  underlying  soil  became 
dehytlrat  -      .vh.-n  tho  permafrost  thew«d,  the  soil  pdrtlcles 
were  so  Ury  that  twneath  the  nelghbonny  BOil  layer,  they 
co'jld  scarcely,  and  only  slowly,  ibsorb  the  wa-.^r  nt  tro 
meltlnq  ice-lenses.  Therefore,  wher.  the  percnaJfOit  .T..:-lt.?d . 
•.h.;s>i  wftf-  thic.  layers  of  dry  soil  and  pure  water;  ani  •.r.-^. 
coii:,ir;  /r.iii-i;  ly-twecn  the  water  and  soil  werr-  very  slii-v-ry 
beca  .sl-  ni  lull  hydration  of  the  soil  particles. 

P.  rmafrnst  thawing  from  below  began  when  frrsst  ceased  to 
peno-.rnt.:-  as  deeply  as  before.    Then  the  geothermal  heat 
retrc  jraded  the  permafrost  base,    The  zero-degree  level  moved 
upw.in;  tr>  th.r'  surface  and  reached  the  thick  ice-lenses  dnd 
layers  which  then  melted.    This  water  was  under  a  high  pres- 
sure because  of  the  frozen  overburden.    Wherever  possible 
It  broke  through  and  was  drasncd  off.    By  the  siirltii-n  changes 
of  the  voljrr.c  oj  th.;  xioors,  th-i'  frozen  turf  -aycrs  w.jt.:  nrn^.L'n 
into  dlsconrii-ctt''a  iection.-; .  i:  this  condition  tusd  not  alr.:»ady 
been  dev.-Ui;i.-o  by  (irost)  actitin  in  thi;  active  layiir-  A!'.-: 
runoff  of  the  wat'^r.  the  froz.^n  turf  :.3yer5  settled,  not  verU- 
cally.  but  tjltinq  backward  slightly  because  of  the  under- 
current of  the  moving  ground  wat' r  (.'iis.  7  and  3).  Turf 
layers  moved  In  the  direction  of  tbr.  gur.n.^:  Jiairiage.  some- 
times one  over  the  other  like  tiles  of  a  roof  or  pushing  and 
cramping  one  another  (Fig.  9).    Their  contact  zones  formed 
ridges  and  scallops,  and  the  pond  developed  between  them. 
These  structures  formed  the  basic  pattern  for  all  further  de- 
velopment and  differentiation  of  the  vegetation  cover  of  the 
muskegs,  atnna  bogs,  or  "totixblims  dtleulMS*" 

SIGNinCAMCB  or  MPA-MOORS  AHD  STRING  BOGS 

Not  only  development  but  also  disappearance  of  permafrost 
oceurs:  the  collap.<i<^  of  p«rmafiost,  which  originated  the 
string  bogs,  is  a  phenomenon  of  world-wide  morphologleal 
Importsnce  for  the  face  of  our  earth.  The  resulting  aapa- 
■nors  are  well-defined  features  in  the  Pleistocene  periglaclal 
araa.  whloh  swiounds  the  northern  hemisphere  as  the  tal«a 
and  beroal  nsadla-trs*  forest  xone.  Moreover,  they  ara  a 
tlma  nwrk  for  a  physical  and  biologioal  svani  in  Plalsloeeno 
history.  They  ara  evidence  of  andant  pamiaikDst>  Tharafon , 
they  open  naw  posslbllltias  far  lasssieh. 


Fig.  8.   Sketch  of  the  development  of  string  bogs:  permafrost 
stage  of  an  aapa-moor  (muskeg)  above,  thawed  aapa-moor 
(beneath)  forming  ribs  and  ditches  by  settling  and  tilting  of  the 
sactlons  through  tfaa  dralnaoa  of  tba  awlt  watar  of  tha  iea 
layers  and  lansas 

ISB 


RBrERENCBS 

Cll  K.  Rudolf,  T.  Plrbas,  H.  Sigmond.  "Das  Koppenplanmoor 
im  Riesongebirge  (etn  Beispiel  fur  dan  subalplnan  Mcoctypus 

In  BohmerJ."  Lotos.  Vol.  76,  1926. 

[2]  H.  SJors.  "Bogs  and  Fens  in  tiha  Hudson  Say  Lowlands," 

Arctic,  Vol.  12,  No.  1,  Montreal,  1959. 

[  3]    Hjelt  und  Hult.    see  [  10 ] ,  p .  640 ,  t . 

14]   r.  B.  .Svenonius.    "Yttrande  med  anledrurvg  av  R. 

Semar  Inrs  ir.rrrizaq-  Nayra  bidrag  till  dc  central  skartdlnavtaka 

fjantraktt^rr.a  =  postalaciala  :j.?ologl,  '  GeOl.  Fdron.  1 
_StO;S.ho.n  TcThar.dle  .  Vol.  :h,  l  '^.^. 

I  jj    A.  K.  Cajar.ucr.    "Stjdic-n  jb,:-f  oi"-  Moore  Tin. amis, 
A:-t,^  .'L-m.-it  Tenn.  ■  Vol.  2,  Helsinki  ,  '.  -  I  : 

v  tjj   A.  lanttu.    "Uber  die  EnLstehuiij  i.?!  BuItiM:  ui;J  Suan.je 

der  Moore, "  ibid.  ,  Vol.  4,  Hci  jir.ki,  l  J;s. 

[  7j    R.  Sernander.    "Die  schwedlschen  Torlmoore  als  Zuegen 

posti;;  lazialer  Klimaschwankunoen."  ^atala««  > 

K.imaanderun,  Stockholm,  1910. 

[8]  V.  Auer.    "Uber  li.-  Emstehung  der  StrSnge  auf 

Torfmooren,"  Acta  lorost  Icr.n.  ,  Vol.  12.  Helsinki,  1920. 

l9J   G.  Lundqvi?.:.    '  B.-sf.rivning  til.  ;ordartskarta  over 

Kopparbergs  Ian,  Sverige-t  Geol.  ,  Unaers.  .  Cn  21  . 

Stockholm,  19S1 . 

"tol  C.  Troll.  "Strukturboden.  Solitluktlon  und  rrostkUmate 
1  r  CrJ.:'/  Geol.  Raach. .  Vol.  34.  H.  7/8  <Ut.  Usil 

Stuttgart.  1944. 

[ll]    L.  E.  Hamelin.    "Les  tou.'Di.'"-:.--?,  r-Micu^eos  du  Quebec" 

Labrador  subarclique:    int.'rpretation  morphoclimatique ,  " 

Cahiers  Geog  ■  Queber  .        Ann.  .  No.  3,  Okt.  ,  1957. 

L  1  2 J    B.  Frenzel.    Die  VD<jetations- und  Landschaftszor^on 

Nord-Eurasiens  wahrend  der  letzten  Elszelt  und  wahrend  der 

postglazialen  Warmezeit;  I.  Tell  AUgemelne  Grundlagen  Akad. 

Wlss.  u.  Lit.;  AbhdI.  Mathem. -Naturwlts.  Kl.  Jshrg.  19S9, 

No.  13,  (ftuSSIon  Ut.)  Wiesbaden,  1960. 

[  13]  f.  Lundqvist.    "Patterned  Ground  and  Related  Frost 

Phenoinena  In  Sweden."  Sveriges  Geol.  Undersokn.  .  Ser.  C 

Avhadl.,  No.  583,  Stockholm,  1962. 

[14.'  G.  Lundqvist.    "Be5;i<;rlviung  tlU  (ordartskarta  over 

Varmlands  Ian."  ibid .  .  3.-1  Ca.  ,  No.  38,  Stockholm,  19M. 

Lis]  w.  H.  Drury.  Bogs,  Plats  and  Physiographic PTOoasaaa 

in  the  Upper  Kuskokwim  River  Region,  Alaska.  HaiVt  UnlV. 

Contrib.  Gray  Harb  178.  New  York.  1956. 

[16]  C.  Schenk.  Vortrag  Im  Sot.  Inst.  Univ.  Giesaen  19S8, 

"Development  and  CoUapse  of  the  Structures  of  Perennlal- 

froaen Ground,*  ttfa  intern.  Connr.  of  INQA.  Warsaw,  1961. 

C 1 7j  H.  Gams.  "DIa  GaschiOhta  dar  Lunaar  Sean.  More  und 

Walder."  hrtl.  fay.  Mvdrohlol.  u.  Hvdioar..  Vol.  18. 

[  1 8J  H.  Gams.  Torfhugalmoora  in  dan  Zanbalalpan  NatarMMsa. 

Mtsschr.  "Aus  der  Heimat"  S4,  Jahrg.  1941. 

L)9]  Ituott.  SaaLlOl. 

(20]  It.  Pohla.  (Matbodan  in  Asian  u.  Stuepa  PMsm.  Mitt. 
1924  u.  I92S. 

(21]  E.  M.  Hardy.  Studies  of  tha  tostgladal  Hittory  of 

Bnush  Vegetation  V. ,  "Tha  Shiopshlra  and  flint  Maelor 

Mosses."  Now  Phytol.  ,  Vbl.  38,  1939. 

C22]  X.  Huaeh.  "Zv;r  Kenntni der  Hochnoofa  da*  ThSllnBW 

ViTaldes  BeltrKga  a. ."  NatuidonKmaluii. ,  VU.  12.  1920. 

[23]  K.  Hueck.  "Bounische  Wandarungan Inlllaaangabtfga." 

Filaiizfeiisoziol . .  Vol .  3 ,  Jena ,  1939 . 

[24]  K.  Rudolf,  F.  rirbas.   "Die  Hochaoora  dSS 

Erzqeblroes."  Beltr.  Bot.  Centralbl.,  Vol.  If,  1924. 

pp.  41-43. 

[25]   t.  .■Schenk.   "Etn  Aapa-Moor  iin  Schwarzwald."  Natur 
undM<;^n.,m,  H'-t.  der  .Senckenbsigisclian  NatwtesA. 

Gessellschy  r:.3ir,:lijrt  ei.Ti. 

[26]    R.  Rtinhijaiv) .    "tlb'-i  lie  rvjlonale  Elntellurg  der 
rvordfinni scher.  Moore.    Ann-  Botan.  Soc.  "Varwjmo,"  31: 
I;  1960 

[27]   E.  Schenfc.      Sol]  lluktion ,  "  z.  Deutsch-  Geol.  Ges. . 
Jahrg.  1953.  Vol.  105,  Hannover, 
[28]  C.  Schenk.  Die  Mechamk  der  penglazislen 
struckturboden  Abb.  Hass.  Laadasaoit  Sodanforach.  13. 

Wiesbaden,  1955. 

[29]  s.  R.  Capps.  •GlaalBtioninAlarta."  U.S.  Gaol. 
Survey.  No.  170  A.  1931. 


Copyrighted  matsrial 


L3Ci;   H.  S.  Bosiock.   "Geology  of  Northwest  Shakwak  Valley. 
Yukon  Territory,  "  Gool.  Sufvay  o(  Canada,  Mem.  267. 
Ottawa.  1952. 

[31 J  R.  F.  Black.  "?<nitalio»t.  -  A  Itoviaw. "  Tr>n».  N.Y. 
Jtoad.  8ei.>  8w.  n.  Vol.  1$,  New  York,  1M3,  pp.  126>131. 


[32]   M.  B.  Portuld.    '  BiJrtig  :il  en  skildring  of  Vegeta- 
tion en  paa  0en  Disko.."  Madd.  Grrfnland.  Vol.  25,  1902. 
[  j3J   E.  Schenk.   "Die  partglMlalen  Strukturbodenbildungen 
all  Folgan  dar  HydretattonisvoivSnBe  Im  Bodan,"  Eiaaattaltac 
Mnd  Gauimwt^  VU.  6,  (Mirtngan  Wlirtt,  19SS,  pp.  170-lM. 


GROUND  WATER  OCCURRENCE  IN  PERAAAROST  REGIONS  OF  ALASKA 


JOHN  R.  VULLUMB  and  ROGER  M.  WALLER.  U.S.  Gaeloateal  Suivay,  Aitchocaga.Alaaka 


Tha  ooeurrence  and  availability  oi  ground  water  are  affected  by 
pamatost  in  the  northern  8S%  of  Alaska.  General  principles 
oontrolling  its  occurrence  are  similar  to  those  of  temperate 

regions,  but  are  modified  by  the  effect  of  permafrost  on  circu- 
lation of  water,  on  r<jchor9c  of  aquifers.  anJ  on  tt-mpcraturo 
and  quoj.ty  of  wat-^r.    The  presence  of  permafrost  in  unconsoli- 
dated deposits  or  ui  tlie  upper  fractured  zone  of  bedrock 
eliminates  these  zones  as  atjuifef;  m  jn^ny  areas-   The  terms 
suprap«rmafrost,  Intrapcrmafrost .  and  aubpcrmairost  water 
have  been  applied,  respectively,  to  water  that  occurs  in 
unfrozen  permeable  .-nateriala  above,  withm,  and  beneath  the 
panna  frost  L 1  to  4  ~; . 

This  report  is  based  on  an  extensive  review  ot  the  litera- 
ture LSj  and  on  earlier  studios  made  by  the  U.S.  L>,?nlriLji.r,i!i 
Survey  beginning  in  1947  .1,  2,  b,  7].    Ground  wnter  cnii.:)i' 
tions  In  the  permafrost  region  have  been  itive.st) jFiv  a  ,ii 
Bcthc!  [Sj,  Kotzebuc  [9j,  F.ilrbanks  L2,  10],  at  several 
villay.?s  In  western  Alaska  .11  to  15.,  and  at  numerous 
military  Installations.   Well  d-3ta  and  chemical  analyses  of 
ground  water  have  been  tabu;,=ni'  1  'or  rcirt  vV.iuiwright  {formerly 
Ladd  Air  Force  Base)  at  Fairbanks  l  ib.  .  lor  Nome  L  17j,  and 
for  settlements  along  the  Alaska  f  18j  ,  Glenn  I  IS,  ,  and 
FUchartison  Highways  [20j  in  eastern  and  .-so uth- central 
Alaska. 

Current  invesUgatlona  In  Alaska  by  the  U.S.  Geological 
Survey  Include  meeswement  of  discharge  and  sediment  load 
of  Mlaetad  rivtrt,  daiamination  of  quality  o(  surface  and 
grcMind  watara,  araal  ground-water  invaatlgations,  cooperative 
watar-aapply  iiwestigatlona  for  other  govanunant  agencies, 
and  tiie  present  study  of  tiia  relation  of  permafiroat  to  the 
ooeuRanea  of  giound  watar.  Moat  avallabla  iubturfaca  data 
undar  atudy  In  comtaetlon  with  tha  pannaflreat  prejaet  ara  (Item 
walla,  toringa.  and  pieapact  and  mlna  ahafta  In  flia  Tanana 
Vallay.  United  additional  Infbnnatlon  la  avallaUa  fnwi 
■•ttlananta  along  tha  hlghwaya,  along  ilvara,  on  tha  ooaata, 
and  at  vlUagas,  alrflalda,  and  aUntng  oampa  that  axa  aooaa- 
alhi*  only  iqr  air.  Moat  of  tha  pamaftoat  region  la  still  ao 
sparaaly  populatad  dwt  tha  Initial  coat  of  davaloping  any  but 
ahallow  gmasA  watar  auppUaa  haa  not  uaually  baan 
aoononloally  Jtistlflad. 

DunoBunoN  jund  aoiuncai  op  peRMAniosr 

Tha  aoutham  limit  of  permafiroat  occurs  along  the  mountalna 

borderlno  the  Pacific  Ocean  (Fig.  1) .  Permafrost  may  alao  be 
present  south  of  this  limit  at  higher  elevations  in  tome 
sections  of  south-coastal  and  southaastain  Alaska. 

Permafrost  may  be  regionally  zoned  Into  the  continuous 

permafrost  zone,  occupying  the  area  draining  to  the  Arctic 
Ocean,  and  the  discontinuous  permafrost  zone  occupying  the 
area  to  the  south.    The  continuous  zone  is  ch.ar.^ctenzcri  by 
temperatures  below  -5  C  at  a  d-jpth  of  30  to  i.:  :t  and  by 
ground  that  is  continuo-^sly  froz-^r:  r.enrly  r-vrywhere  to 
depths  of  as  much  a?:  a!)o  jt  1  330  :t  ,,  2 ,  21,  22,  27j.  The 
rlisco-'inuous  zone    including  the  sporadic  zone  of  other 
reports  t  2,  2l]  .  ranges  in  te.Tiperature  from  a  minimum  of 
-5''C  In  the  north  to  0"c  at  the  southern  limit,  and  m  thick- 
ness froir.  about  GOO  ft  at  Bethel  and  in  mines  near  McCarthy 
to  th;r.,  Ofv-ply- Ijijfifd  ci-lict  liozcn  layers  along  the  -.oiithi-ni 
limit.   Large  areas  of  unfrozen  ground  occur  in  the  southern 
part  of  tha  dlaconUnuDua  nana. 


Local  variations  in  the  area!  extent  and  thickness  of 
permafrost  mask  regional  zonation.    These  variations  may  be 
related  to  a  number  of  factors  such  as  type  of  soil  or  rock, 
vegetation,  altitude,  exposure,  proximity  to  bodies  ot  watSf « 
local  differences  in  climate,  and  local  history  of  late 
Ouatcrnary  rrOLiinn  jr  )  dcfoi-ition.    Locat.or.  and  -d.-velopmaal 
of  ground  water  supplies  at  least  cost  require  detailed 
no .V 1-:  ±} e  of  local  gaoioglo  eondltlons  and  of  diatflbatlon  of 

por.T.a  t:o.*.t . 

OCCURRENCE  OF  GROUND  WATER 

Ground  water  occurs  in  unfrozen,  permoabl-r  natcr^ais  above, 
wjtliin,  and  l>cnuath  i  orn-i.T  irtist .    xhe  presence"  oi  pn'.able 
water  In  these  aquifers  Indicates  that  they  receive  recharge 
from  surface  Boinoaa<  dlreoUy  or  tndtiaetly,  as  in  tanpanta 

regions. 

Suprapermafrii  3t  woter  is  r.?charged  directly  frcr  i  tin- 
surface.    It  Is  •.vhojjy  or  m  part  subject  to  freezing  m  winter 
whi-rf:  pl■r.■r-alro^:t       r.rnr  the  surface.    Beneath  lakes  and 
nvors  and  beneath  some  parts  of  flood  plains,  terraces,  sunny 
slopes,  and  hilltops,  unfrozen  ground  may  be  very  deep,  and 
suprapermafrost  water  available  throughout  the  year.  Ixically, 
supra  permafrost  water  may  become  confined  and  subjected  to 
pressure  by  the  downward  extension  of  aaasonal  frost  toward 
tha  permafrost  table.   Increase  in  hydrostatic  pressure  Is 
nsponalhle  for  arching  ihe  ground  to  form  certain  types  of 
frost  mounds. 

Suprapermafrost  water  supplies  shallow  wells  In  the 
alluvial  deposits  at  Fairbanks  [2,  lO]  and  thosa  dilllad  In 
coaatal  beaches  and  bars.  In  regions     thick,  oontlnuoua 
parmafrost,  tha  auprapermabost  aona  beneath  ilvars  and  lakaa 
la  tha  only  supply  of  ground  watar  avallabla  at  reaaonabla 
coat. 

IntrepaiiBafcoat  watar  is  luieomnoa and,  if  potaUa,  is 
gananlly  coiuiactad  to  an  aquifer  above  or  baWw  tha  parma- 
Cmat.  In  addition,  lanaes  and  layara  of  concentrated  Mna 
having  a  taanwature  balow  0''c  oceur  within  lha  pamaftaat. 

Subpamafiost  water  occurs  in  pamaable ,  unconaelldatad 
dapealta  and  in  tncturad  aonaa  in  the  upper  part  of  tbo  bad- 
rack.  Raehaiga  of  aqulfara  la  etthar  turn  distant  aoiweaa  or 
from  dowDwaid  pareolatlon  of  water  fluoagh  unbeian  lonaa 
that  perfmata  tha  pannairoat.  principally  thoaa  baaaatb  Uoga 
lakes  and  rivers.  Widespread  occurrences  of  braeklsfa  or 
saline  water  in  bedrock  beneath  permafrost  of  the  continuous 
sone  irtdicate*  that  little  or  no  recharge  Is  received  either 
from  tha  surface  or  from  distant  sources.  Southward,  in  the 
discontinuous  zone,  circulation  of  water  laterally  and  vertl- 
cally  Is  progressively  less  restricted,  until,  at  the  soulhim 
limit,  conditions  are  like  those  of  temperate  regions. 

Artesian,  conditions  are  created  where  water  is  confined 
ben.^ath  permafrr^st  or  b-^neath  material  that  ss  loss  pernti-able 
than  tho  aquifer.     Subp^'rnafro  f.t  v/ater  is  cornmoniy  artc^.tan. 
T.-v;-  water  rssuig  in  trir  cimp-.j  to  within  th(j  zone  ol  pt!i:n.3- 
trrv;t  is  subject  to  fteczintj  if  the  wells  are  not  pumped  at 
intervals  or  if  they  are.  not  artifically  heated.    Freezing  of 
srT.all-diameter  wellf.  1.-.  .nore  common  than  freezing  of  large* 
dirtrnetei  wells.    Flowing  artesian  wells  [  10 .  23.  24 j  are 
common  on  slopes  in  the  uplands  where  water  in  alluvium  Or 
bedrock  is  confined  beneath  slit  or  permafrost. 

Springs,  surrounded  by  untrosen  ground,  occur  throughout 


Copyrighted  material 


Cc 


a.crial 


tiM  pMOMftott  ngton  CZSl .  Many  apnnaa  art  M  by  ooM 
ai4pnpannft&eat  watar  and  eoaanaly  eaaaa  fkwino  in  wlnlar. 
Othan  fad  by  hot  or  cold  auhponaafitoat  watar  flow  paraoniall^ 

A  aummiy  of  tha  occMttanea  of  giound  watar  and  tti  rala- 
tlon  to  panaaflroat  la  ooaatal-^laln,  alluvial.  aoUan,  glacial 
and  glaelolaeiiatnna  dapealta  and  badroek  la  givan  balew. 

Oeanal-Wate  Depoaita 

Unc-Tisnlid^iti.-:!  n,ir;f.i'  or.  i  r-.nnmarlne  gravel .  sand,  silt,  clay, 
ana  peat  o:  Quateroary  a^je,  locally  associated  with  ground 
ice,  compose  the  deposits  of  the  coastal  plains  along  the 
Arctic  Ocean  and  Bering  Sea.    Within  limits  of  Pleistocene 
glaclatlori  thrsr  dr(..r;  j.t    .■,ri:.da  till,  o'dtwash,  and  glacW- 
marlnc  deposits.    Ir.  addition,  ottshore  bars,  spits,  and 
beaches .  composed  Of  Band  and  giaval,  bordar  much  of  tha 

coastal  plain. 

Within  th'.v  Arctic  coastal  plain  permafrost  extends  from  near 
the  surface  through  coastal-plain  deposits,  t.hat  are  as  much 
as  ISO  ft  thick  126],  and  into  bedrock.    The  Ivise  of  perma- 
frost ha5  been  mciasured  or  calculated  from  gcothcrmal  data  to 
ranij-j  fron  hUU  to  more  than  1300  ft  below  the  land  surface. 
Unfrozen  zor.es.  extendiwa  in  depth  to  as  much  as  400  ft, 
occur  above-  ppnTi.H:ro.=it  bo.-.ea'.h  large  rivers  and  lakes  that  are 
more  than  7  ft  d^ep  omi  c.:;i-- li,=il !  t.iIp  tn  diameter  l22,  27, 
28,  29],    Elsewhcn-,  thi-    .i;3r,i:.jrTrt..:i l:o;;i  zone  is  fro/cn  i-.M  h 
winter.    lj3ko5  with.-  -.ivo  miles  ol  the  coast  near  Bariow  are 
brackish  or  havo  a  layer  of  fraah  watar  raatlao  on  laltumtar  or 

on  saline  hotton  dopciits. 

At  Noi-id,  "A'httrh  -  S  m:"ii1it la i n  Ijy  .1  (■ornpl.?.^  N<*.:-Tifjti  ot 
coastal-plain  deposits  consisting  ol  frozen  glacial,  maiuv 
and  alluvial  deposits  [  30.  ,  fresh  water  is  obtained  from 
unfrozen  sediments;  however,  saline  or  brackish  water  is 
obtained  from  deposits  bordering  the  coastline. 

In  the  ¥ukor>-Kuskokwim  delta,  at  Bethel  and  to  the  west, 
unconsolidated  silt.  sar>d,  gravel,  and  organic  material  of 
Pleistocene  age  extend  to  depths  of  almost  lOOD  ft  l31J  and 
are  frozen  to  depths  of  about  350  to  600  ft.    The  delta  deposits 
an  entrenched  by  the  Kuskokwim  River.   In  a  well  on  an  Island 
In  tha  flood  plain  the  ground  Is  unfrosen.  except  for  a  thin 
near- surface  frozen  layer,  to  a  depth  of  at  least  197  ft  Cb]. 
A  correlation  between  fluctuations  of  static  lavet  of  wells 
drilled  through  permafrost  of  delta  deposits  with  fluctuations 
tn  river  stage  suggests  that  permafrost  may  be  absent  in 
places  beneath  the  river  and  that  the  subpennafrost  aquifer  is 
connected  to.  artd  is  rechaigad  by,  the  river. 

Coaatal>plaln  dapoalta  boidaflng  Bflatol  Bay  are  locally 
paiaanially  fmaan  to  a  daptti  that  in  aona  places  axeaads 
ISO  ft.  bi  oikar  piaoaa  panna&oat  aoaslata  of  daajdy-budad 
bada  or  tenaaa  of  lellet  penaaAoat  1 2] .  Uttla  difttculty  haa 
baan  aicpartanead  In  obtaining  potaUa  watar  at  dapdia  of  laaa 
than  2S0  ft,  but  aalt  w«tar  waa  anoountaiad  tn  tha  600-ft  dew 
flowiiis  artaatan  wall  at  Kogglung  on  tha  aaat  shora  of  tha  bay. 

In  tanacal,  paiaafiroat  oeeura  in  noat  of  tha  sand  and 
ffiBval  dapoalta  of  offahora  bara.  splta.  and  faaachaa.  aicoapt 
In  araaa  laintadlataty  adiaeant  to  tha  saa.  Ftasb  BUprapacaia« 
froat  aquUara  ot  llnltad  axtant  oeeur  tn  dopiaaalona  In  tha 
pamafeoat  taMa  within  or  bataw  tha  sena  of  laaienal  baaslng. 
Tha  hlfhar  psnaafmat  taUa  banaath  faaaeh  ridgaa  tmaa  a 
barrier  that  kaapa  aalt  watar  fton  advancing  Into  tbasa 
aqulfera.  Tba  aqulfara  ara  nonnally  lachaiyad  by  anaw  Mlt. 
ponda.  and  by  lataial  InfUtmtlon  fnm  adjacent  atraama,  but 
during  periods  of  high  udaa  that  occur  dulaB  aavwa  aterms 
th«y  may  be  recharged  to  aooM  axtant  by  salt  watar.  In  many 
Inalanoaa  thay  ara  raduead  in  volma  during  winter  by  the 
downward  formation  of  aaasonal  fMat.  Thasa  shallow  aquifers 
ara  also  subject  to  pollution. 

Trash  water  lakes  on  the  spit  and  in  the  coastal  plain  back 
ef  tha  baaeh  batwaan  Banow  and  Point  Barrow  are  urtderlain  by 
saline  or  brackish  water  or  by  bottom  sediments  containing 
brackish  or  salt  water-  Unfrozen  lenses  and  layers  of  brino 
are  encountered  locally  within  the  permafrost  [22.  27,  28,  32j. 
Shallow  wells  on  the  spit  at  Point  Lay  L  33]  to  the  southwest 
of  Barrow  and  at  Teller  [  6i  ,  70  miles  northwest  of  Nome,  have 
baeonia  aallna.  Nmafnat  in  aptt  graval  at  Point  fl|pancar. 


naar  Tallar,  la  12.9  and  17  ft  thick  in  two  daap  walla.  It 
aaparataa  traih  aitpraparaiafroat  water  bom  tha  undarlylng  aalt 
watar  ( 34] .  Pwabla  watar  at  Point  Hope,  in  northwastam 
Alaaka,  is  oMalnad  in  a  4-tt  wall  Iron  a  dapraaalon  in  tha 
patnafkoat  table  [t.  111.  Itotaabue,  on  an  offahora  bar  In  a 
btacMih  ana  (Kbtaabua  Sound)  of  the  aaa.  la  auppUad.  In 
part,  fiom  ■hallow  walla  that  take  watar  Uom  dei>reaaiana  In 
the  peraaCroat  table  [    .  Alio  at  Kotaabue.  aalt  watar  oeeurs 
below  pemalimat,  which  la  238  ft  thleli.  and  brine  oeeura 
wrtthin  paimafrost  in  an  unfroaan  layer  at  a  depth  of  79  to  86  It 
[9].  The  gravel  of  Oambell  spit,  northwestern  St.  Lawrence 
lalend.  yields  treth  water  that  la  apparently  perched  on  fioaen 
gravel  Cl4] .  The  a^f«  la  believed  rechaigad  by  the  aaaward 
flew  of  ground  watar  derived  by  percolation  from  a  nearby  lake. 

Alluvial  Deposits 

Alluv;^!  deposits  occupy  large  area:;  of  the  Yukon  and 
Ku'.k  ji...  ;ri  drainage  basins  and  valleys  of  les.ter  stream.s  in 
the  discontinuous  zone.    They  include  gravel,  sand,  and  slit 
that  form  the  flood  plains  and  terraces  of  valleys  and  ojtwash 
plains  and  piedmont  alluvial  fans  fronting  the  mountains. 
The  areas  shown  as  flood-plain  alluvium  on  geologic  .maps 
generally  included  low-lying,  annually- flooded  areas  l»rder- 
ing  the  :itieam«  Br.d  numerous  low  terraces  that  are  only  rarely. 
If  i  ver  flooded.   Near  the  uplands  bordering  the  major  volleys 
3ui  in  valleys  within  the  uplands  the  alluvial  deposits  of  trunk 
streams  are  overlapped  and  Interbedded  with  silt  of  coalescent 
alluvial  bns  of  tributaries.  Within  the  contlnuotis  aone  the 
streams  are  bordered  by  flood- plain  and  terrace  alluvium. 

Distribution  of  permafrost  in  flood- plain  alluvium  is 
variable  and  depertds  On  the  history  of  river  migration  acreas 
Us  valley  and  on  the  proximity  of  existing  bodlea  Of  water. 
Permafrost  In  these  deposits  is  ganaially  absent  naar  the 
southern  limit  of  permafrost,  but  inoraaaea  In  aieal  extent  end 
rtiickneiB  to  the  north.  In  the  dlacontlnuoua  aone,  peimahoat 
18  absent  beneath  river  chaimnla  and  bara,  and  la  thin  beneeth 
low»lying  willow-  and  poplar-covered  ialaods.  bara,  and  slip- 
off  slopes  along  the  ilw.  Slightly  higher  alluvial  surfiices, 
covered  wtA  apruoe  foreat.  en  underlain  by  pemelioat  except 
beneath  fomar  atroom  channela.  creeka,  and  oidbew  lakaa. 
Low  tameaa  that  term  tha  oMaat  and  hlghaat  part  ef  the  flood 
plain  ara  generally  oovarad  with  teaat,  brash,  or  muakeg,  and 
ara  uadarlaln  by  perxMboat  ttat  la  thicker  and  araally  mora 
exianalve  than  that  beneath  the  younger  eixl  lower  peita  of  the 
flood  plain.  Tanaoea  that  bordar  the  fkxid  plain  ara  comnH>nly 
underlain  by  fraaen  alluvium,  but  unfloxan  aonea  ara  eiratl- 
celly  diatilbuled  throughout  theae  dapoalta.  Within  the  con^ 
tinuoua  aone,  moat  of  tba  alluvium  la  fiosen.  even  that 
banaath  the  ^nnela  and  bara  of  pneent  atraema.  However, 
unftecen  grouttd  may  occur  to  a  depth  of  aa  much  aa  400  ft 
banaath  beds  of  larger  straama.  auch  aa  the  OotvUle  River. 

JUHindent  supplies  of  ground  water  an  found  In  the  dta- 
oeaUanoua  aona  in  fbied  plalna  and  tamcea  of  mafor  valleys, 
in  unbosen.  permaaUa  alluvium  below,  within,  and  above 
permafrost.  Within  a  specific  area,  ground  water  confined 
below  permafrost  rises  to  a  static  level  that  is  approximately 
that  of  water-table  wells  In  the  suprapermafrost  zone  and 
nonpermafrost  zone.   The  water  level  generally  fluctuates 
with  rtver  stage.   Recharge  of  ground  watar  below  permafrost 
Is  accomplished  directly  from  the  rivor,  from  lakes,  and  from 
precipitation,  through  unfrozen  zones  that  perforate  the  perma- 
frost.  Beneath  relatively  thick ,  continuous  permafrost  under 
the  older  part  of  the  flood  plain,  water  moves  freely  through 
the  permeable  alluvium  from  the  areas  ol  recharge. 

Grciir.il  '.v.Ticr  ricrurrence  and  pcrmafrosi  l  Onditions  in 
valleys  of  smaller  streams  flowing  through  .-iil.ir.'i'  are  compa- 
rable to  those  of  larger  vijlleys.    W.iter  is  :j(:n>?r.ill/  jva  1 1.3  ble 
from  unfrozen  alluvium  near  cr  u-ni'^r  ihe  str';am  t:*a.    1."",  many 
valleys  the  flood  plain  of  the  nuijor  ■-.•r<-n:T-  if.  bordered  by 
ccri.i'sn'r.t  fans  of  tributaries  ;r,  .vh.i.  h  yn-rn..! front  commonly 
0(-rur-i  .V.  1  .viTljf- -ihtif'fMl  iTiss  that  is  thirV:  r.-.Tf  the  flood 
plain  but  which  thins  toward  the  hills.    Artfsion  jround  water 
IS  common  m  permeable  alluvium  or  bedrock  J>  !^i>  .ith  sil;  or 
permafrost  in  these  fan  deposits,  and  ilowir^  welU  occur 
lacelly(2.  10.  23]. 
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In  dM  dlMenlliMiouc  som.  the  moat  detalM  ncordt  of  tii* 
occumno*  of  ground  wat*r  in  allavlal  dapottn  Is  in  the 

FUrbBnk«-PertWaliivinl9ht  aim  [2.  10,  1$,  20,  23l.  H««, 
bundradg  o{  wells  end  liorliioa  penatnttf  penubost  in  Hood- 
plain  alluvlun  of  ttte  Chens  and  ISnana  Rivers  that  Is  as  muqh 
as  820  ft  thick  [  3Sj .  Even  these  raeords .  howover .  cannot 
outline  in  detail  the  eomplex  varlatlaas  that  ooeur  in  the 
allnvlum.  The  leeotds  show  that  the  alllvlum  is  unftosan 
bansBdi  the  bed  and  unvegetated  bars  of  th*  Chens  River; 
however,  beneath  low- lying  bars  and  Islends  comaiod  with 
willows  4  frozen  ground  Is  present  to  a  depth  of  about  20  ft. 
Peimafiost  beneath  slightly  higher  ground,  ftannorly  oovaiod 
with  apniee,  seldon  exceeds  W  ft  In  thiekness  and  la  per- 
fbiated  by  unfronn  tones  beneath  oid)ow  lakes  and  seoia 
former  stream  channels.  To  the  south,  benaatfa  an  even  hi^iar 
part  of  the  flood  plain  extending  from  the  southern  part  of  ^le 
city  into  Fort  Wainwrtght.  permafrost  is  consistently  thick, 
ranging  from  140  to  26S  ft.   Similar  cottditions,  but  different 
thicknesses,  occur  In  the  flood  plains  and  low  terraoes  of  the 
Kuskokwlra  River  at  Bethel  C8]  and  McGrath  136],  of  the 
Yukon  Rjver  at  Galena  below  Ruby  >-  37j  .  and  of  the  Nabesna 
Rivur,  tributary  to  th<j  TanaiiA  tliv<>r,  at  Nonhway  near  the 
Ala?lc,-)-Y-,i.:>iri  lx)r'ii-i  .  IH.  JR.. 

In  alljviu.T;  of  t>io  cortinuous  zone,  subsurlaco  records  ate 
lev/.    At  ir.Tiiat  on  t.-je  Colviile  River  r.r'-.'d  pla.r  ,  [  r.Mcirilo 
ground  water  was  encountered  in  un.'rozer  QjJ.v.ora  ir  a 
seismic  shot  hole  .39]  and  in  .>t  .-^s-it         r;  six  .^xf  IrT.TTnTy 
oil  wells  drilled  noar  thi'  iivrr  .  Ui,  .    A  shiiU'.i.v  <iqui!c't  occuts 
In  the  bed  of  Otjnfniul;  Cri  t     .  '.  •    K  j  southed  st  o|  Poini  Hope 
in  an  area  in  which  permafrost  extends  into  bedrock  to  a  depth 
of  as  mach  as  IZOO  ft  '•52j.    The  grave]  beneath  Sclin  Creek, 
an  even  smaller  stream  near  Cape  Lisburne,  was  apparently 
frozen  beneath  the  stream  bod,  but  a  year-round  supply  was 
produced  in  an  inflStratlon  tjailery  sr  theM-  il'-fiorsiis  as  a 
result  of  stripping  ,3way  the  ;r sulat. r-y  lurl.    This.  t:>y.-thrT 
with  circulation  through  the  aJhvjum  of  water  warmod  in  a 
re-.!--ivoif ,  r^llo'.vi'J  th.'  frozi-i.  jround  to  thsw  tO  a  depth 
b<!r'.<'._ith  Ihil  ri';irhe.l  by  W'.t.tft  freezirrg . 

A.Juv.um  nf  [i.c'Jncr*.  ailuvul  lans  and  Outwosh  plains 
fronting  the  Aiaaki  Rar.-je  in  the  Tanana  and  Kuskokwim 
valleys  :s  locally  pero.-r  ally  frozen.    Di sappearancc  ot 
streams  into  alluvjum  nnd  the  reforted  absence  of  pormatrost 
m  many  .vi'll':  ir  dic  nir  •.fm;  extensive  areas  of  unfrozen 
ground  occur  in  the  coarse  alluvium.    In  general,  permafrost 
is  relatively  thin  and  occurs  above  the  water  table. 

The  preseitce  of  permafrost  in  alluvial  fans  and  outwash 
plains  In  the  few  areas  in  the  discontinuous  zone,  in  which 
records  are  available,  ••■eems  to  have  little  effact  on  the 
ocourience  and  hydrokjjy  o(  ground  watei     Ai  1  f-rt  Greely 
I  2.  43],  near  Dclt.3  Juncti'in  :i.  e.i  !;t- rentral  Ala  sko  ,  lor 
ex.5nplo.  In  Only  one  -.vpi.  :lneL:  the  [  ermafrost  extend  below 
the  water  table  which  lies  at  a  depth  of  1  6U  to  201  ft  [  20  j . 
At  Tok  Junction,  also  in  east-central  Ala.ska  I  18j,  scattered 
bodies  of  permafrost  are  gerteraUy  less  thfin  35  ft  thick,  and 
Its  base  lies  IS  to  25  ft  above  the  water  t.j.-)ie.  At  Parewell, 
southeast  of  McGrath,  the  water  table  is  well  below  psrma- 
ftostte,  36] .  At  Clear,  on  the  fan  of  the  Nenarvs  River,  no 
permafrost  was  recorded  in  existing  water  wells.  Generally, 
as  In  other  climates  the  fans  artd  outwash  plains  have  a  deep 
water  table  near  the  mountains,  but  a  relatively  shallow  water 
table  near  Aeir  outer  perimeter.  Alor»g  the  Tanana  River  near 
Delta  Junctien,  springs  (low  liom  the  terraoe  esearpment  that 
marks  the  truncated  edge  of  alluvial  fans  [21.  No  records  are 
available  boat  similar  deposits  In  tbo  northern  psit  of  tiie 
disoontlnuous  sons  along  the  Yukon  River,  nor  In  ttie 
continuous  sone. 

BOUAN  DBPOsnrs 

EoUan  silt  or  send  fonas  a  mantle  that  Is  gonsially  lass  than 
60  ft  thick  on  bodnefc  of  uplands  or  on  alluvial  deposits  of  the 
siator  valleys.  These  deposits  eie  perannlally  bwen  at  most 
places  In  the  valleys,  but  are  unbosan  in  seae  upland  areas. 
In  vallaya  the  alluvium  banaath  dune  sand  is  generally  fioien 
to  a  greater  depth  than  that  beneath  adjacent  younger  alluvial 
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deposits .  At  Northisay  In  esstemAlMkB.  perma&ost  Is  140  ft 
thick  u.  iH>dth  the  dunes  nesr  the  aliMrtp.  but  less  than  70  ft 
thick  [20 J  in  nearby  sections  of  the  flood  plain.  At  r&rt  Ytakon 
in  northaastani  Alaska  the  ground  la  frosan  to  a  depth  of  mora 
than  320  ft  henaetb  dunea  L**}.  but  pansafiast  Is  relatively 
thin  or  absent  bensetii  flood- plain  deposits  along  the  Yukon 
River.  Ground  waiei  in  wells  loeated  on  eollan  deposits  Is 
nearly  always  oMslnad  Itoai  alluvlusi  beneath  penialrost  in 
the  valleys  and  itoei  badroek  in  the  uplands. 

Glacial  and  Glaclolacustnne  Oeposits 

V.'t-ll  iirit.i  in  :nost  areas  Of  the  permafrost  region  that  arc 
underlain  by  glacial  deposits  are  so  scattered  that  little  can 
be  said  of  the  distribution  of  permafrost  and  of  the  occurrence 
of  ground  water     However,  near  Glennallen,  in  rhe  central 
Copper  RiV'-:  BrtMn.  f\  thick  section  of  g  ;.i :  lO  loir-u.;t  r:ni;  ind 
glacial  depo-sits  untietllcs  the  former  bod  o£  a  Pleistocene 
glacial  lake.    The  deposits  are  exposed  in  bluffs  bordering 
the  deep  valleys  cut  by  ma;or  streams.    The  thickness  oi 
pemnafrost  recorded  in  wells  is  qenerally  between  100  and 
200  ft  Ll9,  20.  45.  .    Hard  and  saline  ground  water  occurs  at 
a  depth  ol  3^0  to  ICC  tt  .imicr  the  former  floor  of  the  lake.  The 
ground  water  supplies  shallow  artesian  wells  and  springs,  in 
local  areas  of  entrenched  river  valleys,  and  sprirvjs  and  bud 
volcanos  elsewhere  on  the  former  floor  of  the  Iske  .45:  .  The 
tfissolved  solids  conte.-it  ol  ground  water  lange.-,  from  lUjj  to 
more  than  25,000  ppm  (parts  per  million)  and  chlorides  ranqe 
from  230  to  15.400  ppm.    The  high  sallruty  of  this  water  is 
attributed  to  evaporation  in  the  series  of  lakes  that  occupied 
the  basin  during  Pleistocene  time  and  subsequent  concentra- 
tion durir>g  formation  of  pertnafroji  [46j.  According  to  an 
alternate  hypothesis  [47] .  mineralized  water  origlnetad  in 
Upper  Cretaceous  and  older  marine  sediments  that  are 
believed  to  underlie  this  part  of  the  besln.  An  upper  aquifer. 
70  to  200  ft  deep,  contains  potable  water  and  lies  t>eIow 
permafrost  adjacent  to  and  beneath  Moose  Creek  at  Glennallen 
and  Dry  Creek  near  Gulkana  airport.  This  aquifer  is  bsUeved 
to  be  raebaiged  ftost  Oie  creeks. 

Bedrock 

Gro..ric  water  is  obtained  from  deep  ■/•■■r-'.ls  :n  netanorphlc  and 
igneous  rocks  either  below  permaftor.t  o:  m  s.tes  -.vliere  perma- 
frost Is  locally  absent.    The  largest  conciTtrotioti  of  the-se 
wells  Is  on  .iilltops  and  slopes  of  upland  north  of  Tairhanks, 
whete-  water  is  obtained  froTi  schist  .2    !  0  ,  :'3j.    On  h'.lltops 
pertihiltost  Is  generally  ab.sent  and  the  water  table  is  deep. 
Perm.:i  IrO'.t  mc-tense;;  In  thlc:V.ne:.»  downslope    and  we^is  on 

middle  and  lower  slopes  have  encountered  artesian  water  in 
the  schist  beneath  the  confining  ovarbufden  of  silt  or  beneath 

permafrost. 

In  the  continuous  zone  exploratory  oil  wells  drilled  in 
shale,  siltslono.  and  sandstone  below  permafrost  have 
Obtained  yields  of  IS  gpm  (gallons  per  minute)  or  less  of  water 
that  ranges  from  Only  slightly  brackish  to  saline.   One  well, 
Umiat  No.  2  l4CJ  ,  drilled  in  these  rocks  beneath  the  Colvilla 
flood  plain,  obtained  water  during  a  formation  test,  having 
only  1031  ppm  dissolved  solids  from  sandstor.e  at  the  depth 
interval  of  103- 34S  It.  and  wafer  having  31B8  ppm  from  the 
interval  100$  to  6212  ft  with  a  static  level  of  730  ft.   bl  iMs 
locality  fresh  water  probably  has  recharged  bedrock  In  an 
unfrozen  zone  beneath  the  river  bed.    Similar  rocks  in  the 
Copper  River  Basin  have  (ailed  to  yield  water  to  wells  C 19] . 
but  are  believed  by  soom  [47]  lo  be  the  source  of  saline 
spflngs. 

Luge  potable  springs  eeour  in  limestons  in  the  Alaska 
Ranga  and  at  the  contact  between  sandstone  and  liawslone  in 
the  Rrooks  Range  ti.  tsJ ,  but  these  ateaa  have  not  been  ex- 
plored for  water.  The  presence  of  fresh  water  springs  in  the 
Brooks  Range  Indleates  that  bedrock  aquifers  are  rscfaaiged 
dMplte  ttie  presence  of  continuous  penaaftost.  Rnetures  and 
aoltttton  oMrttlaa  in  Uaeaiona  nntble  and  large  cpeidngs  ia 
veleanle  rocks  en  Asward  Peninsula  era  conunonly  «mtar 
bearing. 
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Ground  wotr-r  at  many  locaUln^L;  In  intf'nor  valleys  has  a  high 
co«:er.tratiori  of  bicarbonate,  Iron,  on:)  nangancso.  and  is 
below  the  accepted  quality  standards  for  dcncstic  ard  indus- 
Uifll  i^se.    It  hflf-  a  hlah  content  at  carbon  dioxjde  arid 
d; ^solvi-d  oxygt-n  whlc:h.  causes  corrosion  problems.  3ahr..ty 
o(  grourjd  water  is  a  major  problem  tr,  the  coastal  plains  and 
In  tho  Coppor  River  Basin. 

The  temperciture  of  ground  water  In  permafrost  rcfglons 
ranges  from  0°C  to  about  4.5'"C  for  potable  water  but  less 
than  0"C  for  brine  that  occurs  within  permafrost.  Records 
taken  at  dlffsrent  times  of  the  year  from  wells  of  differing 
depths  and  for  differing  permafrost  cor.dition*  show  that  the 
avsreffe  temperature  of  ground  v.-ater  at  Anchorage  is  2.8''C 
aitd  at  ralrbanks  1.7''C.  Temperature  observatiens  in  alluvial 
deposits  St  Folrtenkt  show  that  beneath  the  base  of  perma- 
tfo«  the  inonaM  in  ground  water  taaipetature  with  depth  is 
Influanead  by  tha  ptavaiUnv  saetfianiial  gndlani. 

OONCtUSIONS 

Although  iul;'. urtac-         are  scarce  and  isolated,  except  in 
a  few  parts  of  t.'-.o  Tanan.5  Valley,  thoy  «ro  suKscpnt  to  indicate 
that  ground  water  occurs  in  many  ycoln.jic  nr.v;  rr^-  mcr/ s  m 
both  the  continuous  and  discontinuoua  zores  .  c-thcr  above  or 
below  the  permafrost.    The  Influence  of  permafrost  on  the 
occurrence  and  availability  of  ground  water  generally 
decreases  southward  from  thi.-  cfiritinuous  zone.    The  great 
variation  in  thickross  and  in  aroal  extent  of  permafrost  in 
loc.^;  sri'.^ii  suggests  that  adequate  geologic  and  hydrolocic 
studies  should  be  nirtde  it.  advsncp  of  a  ront.p>mpUted  develop- 
ment, particularly  at  -I'.cs  whctr  I'xprnniv  con:..!! uction  i^i 
plantted.    In  many  areas,  a  mirror  shilt  in  location,  or  con- 
sideration of  alterr»te  sites,  in  advance  of  construction  could 
do  much  to  locate  a  site  where  a  supply  of  ground  water  can  be 
obtained  at  a  reasorwiblc  cost.   In  areas  of  thlclc  permafrost 
where  yield  and  quality  of  subpermalrost  water  are  uncertain 
arvd  deep  wells  are  costly  to  construct,  consideration  should 
be  given  to  developing  wells  in  shallow  aquifers  or  by  tho 
construction  of  infiltration  VaUerles  near  or  under  streams. 

FubUoatlon  o(  this  papar  was  authorised  by  the  Directar , 
V.8.  Gaeloffleal  Survay. 
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PBtMAFROST  AND  ICE-WEDGE  EFFECT  ON  RIVERBANK  EROSION 


H.  J.  WAl.K£R,  Uauisiano  State  University 
L.  ARNBORG,  University  Of  Upptala .  Siveden 


In  recent  years,  several  investigators  have  studied  permafrost 
and  ice-wedges  as  they  are  related  to  surface  features  m  the 
Arctic.  Moat  reports  are  cMncaniBd  especially  with  thermo- 
karat.  oriented  lakes,  pingos.  ice-wedga  polygons,  and  other 
forms  of  patterned  ground.  According  to  reports  examined  thus 
far.  virtually  all  ol  tha  analytic  work  on  rlverfaank  erosion  in 
the  Arctic,  and  eapaetally  en  the  importance  of  permafrost  and 
Ice-wedgea  to  auoh  aroalon.  has  been  and  is  betng  oondueted 
by  Russian  adentlats. 

Tha  dagree  and  rate  of  bonk  erosion  and  resultant  baitk  Ibrm 
along  any  rtver  vary  with  n«ny  (aetors.  These  include  the 
river's  stage  and  ounent  velocity;  direction,  veloeity.  and 
persistence  of  wind;  effectiveness  of  vegetation  in  bmding 
baitk  sediments;  position  of  the  bank  In  relation  to  river  flow, 
and  ttaa  diancrtar  of  amterlals  that  compose  the  beirie.  Peime- 
frost  and  loa-wedges  are  significant  factors  far  they  isodlfy 
the  rate  of  bank  erosion  and  the  (bm  that  results.  Bscause  of 
the  nature  of  permafrost  and  lee-wedges,  exposure  to  the  sun 
Is  significant;  air  and  water  lemparaturaa  have  a  degree  of 
importance  they  otherwise  would  not  have. 

Field  work  in  the  Colvllle  River  Delu,  Alaska,  presented 
the  oppoctuM  ly  of  obesfving  and  meaaurtng  rtverbnak  erosion 
In  an  arctic  setting.  This  mpert  la  a  pielliMnary  atatMsant 
of  these  observations  and  mnnsHtamants.  aapaeially  as  they 
relate  to  parma&ost  and  lea-wedges* 
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Tig.  I.  Arctic  Slope 
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PHYSICAL  SBTTmO 

The  Colville  River  is  the  longest  nvcr  in  Alaska  north  o(  the 
Biook*  Range  and  drains  an  area  of  SO.  000  sq  km  (Pig.  1).  It 
enters  the  Arctic  Ocean  about  2SU  km  east  oi  Barrow.  Alaska, 
where  It  forms  a  roughly  triengular  delta  over  SSO  sq  km  In 
area  (Fig.  4 .  The  climate  of  the  delta  la  simllsr  to  that  found 


Fig.  2.  Cohrlila  River  Delta 
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along  the  other  sections  of  the  arctic  coast  ot  Alaska.   It  Is 
characterized  by  low  precipitation  (much  of  which  is  snow), 
by  moderately  high  and  relatively  persistent  winds  (south- 
westerly during  much  of  the  summer,  northeasterly  during  the 
resi  of  the  year),  and  by  low  temperatures. 

In  its  suboorial  portion,  the  delta  Is  very  heterogeneous, 
despite  a  low  range  ot  relief.   Sand  dunes,  ice-wedge  poly- 
gons, and  the  present  distributary  channels,  along  with 
numerous  lakes,  are  the  most  consipcuous  forms.   The  main 
channel  of  the  Colville.  through  which  about  60%  of  the 
river's  water  flows,  marks  the  eastern  edge  of  the  delta 
(Fig.  2).    From  It.  the  trend  of  numerous  sinuous  distribu- 
taries is  northwest  to  the  ocean.   These  deltlc  channels  cut 
through  a  variety  of  materials  such  as  dense  autochthonous 
peats:  sartds  of  dunes  and  former  nver  bars:  silts  or  clays 
of  drained- lake  bottoms  and  mudflats  which  frequently  con- 
tain streaks  of  vegetal  detritus,  and  gravelly  sands  of  the 
Gublk  Formation.   All  banks  have  ice  inclusions  that  vary  In 
•ize  and  quantity. 

Riverbanks  in  the  delta  vary  in  height  above  mean  river 
level  from  a  few  centimeters  near  the  delta's  front  to  about 
10  m  in  the  Gublk  rormnlion  ami  in  the  sand  dunes  near  us 
head.   Most  banks,  however,  range  in  height  between  2  and 
4  m. 

PERMAFROST 

The  temperature  regime  and  the  thin,  hard  smw  cover  (avor 

not  only  a  seasonally  thick  Ice  cover  on  lakes,  ocean,  and 
river  but  also  thick  permafrost  and  large  ice-wedges  in  the 
nonaqueous  portions  of  the  delta.    The  upper  surface  of 
permafrost  is  probably  more  variable  in  the  Colvillc  Delta  than 
in  any  other  area  of  comparable  size  on  the  Coastal  Plain  of 
Alaska  .  because  of  the  depression  of  the  permafrost  under  the 
numerous  deep  lakes  and  the  deep  portions  of  the  distribu- 
taries.   However,  these  nonfrozon  zones  arc  beneath  water, 
and  have  little  effect  on  the  riverbanks  composed  of 
permafrost. 

The  active  layer  is  normally  very  thin.  Measurements 
range  from  less  than  IS  cm  In  vegetated  peats  to  about  2  m  In 
nonvegetatod  sand.   This  latter  measurement  is  more  realistic 
In  connection  with  bank  recession  in  all  r>onpcat  banks,  for 
thawing  occurs  perpendicular  to  the  bank  face  which  usually 
has  no  vegetal  protection. 

The  depth  to  which  permafrost  temperature  Is  significantly 
Influenced  by  changes  In  air  temperature  is  unknown.  However, 
for  parts  of  the  delta,  changes  probably  differ  little  from  those 
measured  in  a  region  of  ice-wedge  polygons  near  Barrow. 
Temperatures  at  a  depth  of  3.S  m  changed  by  as  much  as  10''C 
(-5^  to  - 1  S^C) ,  while  at  7 .  S  m  the  annual  variation  was  about 
3°C  <-8''to -U'C)  Cl].   For  riverbanks.  horizontal  as  well  as 
vertical  change  Is  significant. 

ICE- WEDGES 

Icc-wcdges  vary  in  location  and  size  in  the  delta.   The  most 
extensive  development  is  found  In  (he  zones  of  dense  peat, 
the  best  examples  being  in  the  right  bank  of  the  main  channel. 
Some  are  as  wide  as  6  m:  their  depth  is  not  known.  Ice- 
wedges  have  not  boon  found  in  the  sand  dunes  of  the  delta, 
although  thin  ice  veins  do  occur  (Fig-  12).    Between  these 
two  extremes,  all  gradations  in  ice-wedge  size  are  apparently 
present.   The  Gubik  Formation,  a  Quaternary  deposit  of  varied 
composition  and  texture,  contains  ice-wedges  despite  the  fact 
that  It  Is  highly  sandy.  Although  the  Gublk  wedges  are 
probably  older  than  those  formed  in  the  peal  deposits,  they  ara 
not  as  well  developed. 

HYDROLOGY 

Five  distinct  periods  can  be  recognized  In  the  river's  annual 
cycle.   These  five  periods  arc  extremely  variable  m  duration 
and  In  importance  to  bank  erosion.  Although  records  for  only 
a  part  of  one  year  (May  through  Sept.  ,  1962)  are  available, 
they  are  sufficient  to  point  up  the  general  nature  of  the  river's 


regime.   Table  I  presents  a  summary  of  this  annual  cycle. 


Table  I.  Annual  Cycle  of  the  Colville  River 


Period 

Condition 

r>atcs 

Deration 

1 

Frozen 

Oct.  to  May 

8  months 

2 

Pre  breakup 

Late  May  to 

2  weeks 

floods 

early  June 

3 

Breakup 

Early  June 

2  days 

4 

Postbreakup 

Early  June  to 

1 . 5  weeks 

floods 

mid- June 

5 

Summer 

Mid-June  to 

3  months 

regime 

Oct. 

The  first,  longest,  and  least  significant  period  begins  in  the 
fall  with  the  freezing  of  the  river,  and  lasts  until  the  melt 
season-    For  about  eight  months,  no  water  is  present  in  the 
liquid  state  at  the  surface.    Even  after  ice  forms  On  the  river, 
water  continues  to  flow  for  a  few  months;  however,  this  flow 
is  not  effective  in  bank  erosion,  partly  because  the  river  Is 
at  an  extremely  low  stage  at  the  time  the  ice  forms,  and  the 
flow  Itself  Is  very  sluggish.    Durli>g  all  this  period,  except 
toward  its  very  end,  the  bonks  are  frozen,  and.  In  addition, 
covered  with  snow,  which  protects  them  from  wind  blast. 

In  late  spring,  melt  water  accumulates  on  top  of  the  river 
Ice  and  soon  begins  to  flow  (period  2).   In  1962.  flow  volume 
Increased  rapidly  until  a  stage  2  m  above  the  ice  surface  was 
reached  at  the  head  of  the  delta  by  May  29.   Although  the 
water  flowing  Over  the  ice  varied  in  depth,  it  reached  3  m 
above  ice  level  by  June  9.   This  level  Is  sufficient  to 
cover  many  bars  and  top  many  of  the  low  riverbanks.    In  1962, 
breakup  (period  3)  occurred  in  the  delta  between  June  9  and  1 1 . 
At  the  end  of  this  breakup  the  river  was  cleared  of  ice  except 
in  a  few  areas  where  bottom  ice  remained.    Following  breakup^ 
floodwater  again  began  to  increase  In  volume  and  velocity,  and 
within  five  days  attained  the  same  absolute  level  that  it  had 
reached  during  the  period  of  maximum  preceding  breakup. 
Although  the  current  was  strong  during  prebrcakup  flooding, 
it  attained  speeds  of  over  2  m  per  sec  during  the  maximum 
postbreakup  flood  stage.   Floodwater  began  to  recede  on 
June  14,  and  by  June  20  the  summer  regime  (period  S)  had 
begun.    This  period  lasts  until  fall  freeze-up.  or  for  about 
three  months.  During  the  summer  of  1962,  neither  stage  nor 
velocity  approached  those  recorded  during  the  three-week 
flood  period  accompanying  breakup. 

BANK  EROSION-THC  THCRMO-EROSIONAL  NICHE 


Bank  erosion,  limited  to  about  four  months  of  the  year  In  th« 
lower  Colville,  Is  initiated  with  prebreakup  flooding.  These 


Fig.  3.   Development  of  a  thermo-erosional  niche  durlt>g 
flooding 

I6S 
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Colville  River  »*««ers 
Spot  heights  and  contours  in  meters  above  sea  level  2  July,  1962 


Fig.  4.    Map  shows  depth  of  thermo-etoslonal  niche  in  the  Gubik  rormatlon  at  Location  1  In  Fig.  2 


(loodwaters,  which  first  flow  on  top  of  the  Ice,  undercut  the 
snow  that  lies  deep  and  compact  against  the  high  nverbanks^ 
When  contact  Is  made  with  the  frozen  bank,  thawing  begins. 
As  melt  water  increases  In  volume  and  (he  current  increases 
In  speed,  undercutting  of  the  t>snk  Is  Initiated. 

Such  undercutting  (Fig.  3)  results  In  what  the  Russian 
morphologists  refer  to  as  a  thormo-eroslonal  niche 
(termocrozlona)a  nJza)  [2].    This  niche  continues  to  widen 
and  deepen  as  floodwaters  Increase  In  stage,  velocity,  and 
temperature.   The  development  of  the  niche  varies  greatly 
with  the  type  of  material  in  which  It  is  being  formed.  In 
banks  lacking  consolidated  peat,  undercutting  proceeds 
rapidly,  for  consolidation  of  the  sediment  Is  provided  only 
by  its  frozen  nature.   Once  thawing  has  occurred,  the  ma- 
terials are  easily  removed  by  the  floodwaters.  Undercutting 
in  dense  peat,  on  the  other  hand,  proceeds  much  more  slowly, 
for  not  only  is  thawing  r^eccssary,  but  also  the  bond  lormcd 
by  the  vegetal  matter  must  bo  broken  before  niche  deepenii>g 
can  occur. 

Undercutting  iruttated  by  prebreakup  floods  is  continued 
by  the  floods  accompanying  and  following  breakup,  but  ceases 
as  floodwaters  begin  to  recede.   In  1962.  the  effective  period 
of  bank  undercutting  for  nearly  all  banks  in  the  delta  was  not 
over  throe  weeks. 

BANK  EROSION  IN  THE  GUBIK  FORMATION 

The  depth  and  form  of  thermo-erostonal  niches  vary  with  bank 
type  and  with  hydrodynamic  conditions  of  the  river.  In  the 
Gublk  Formation,  niches  exposed  after  the  floodwaters  began 
to  recede  in  1962  extended  as  much  as  8  m  Into  the  nverbank 
(Figs-  4,  S,  and  6).  This  depth  compares  with  the  depths  of 
8  to  10  m  reported  for  thermo-oroslonal  ruches  in  Siberia  [3]. 
It  is  unknown  how  much  of  this  depth  formed  In  prior  years. 
In  Fig.  S,  note  the  bottom  of  the  ice-wedge  which,  because 

166 


of  differential  erosion,  protrudes  from  the  roof.   This  Ice- 
wcdgc  tiegins  just  south  of  the  spot  elevation  7,  6  m  in  Fig.  4. 
The  scale  is  shown  by  the  rod  4  m  long. 

Although  effective  deepening  of  the  niche  ceases  with  the 
lowering  of  floodwaters,  other  changes  continue  to  occur. 
During  the  time  the  niche  is  being  formed  and  throughout  the 
remainder  of  the  summer,  air  temperature  is  effective  In  thaw- 
ing the  frozen  bank.   The  thawed  material  sloughs  from  the 
bank  and,  during  flooding,  is  earned  away.   Thus,  bank 
recession  continues  until  removal  from  the  base  of  the  bank  is 
discontinued,  after  which  time  the  bank  assumes  a  nx>re  or 
less  normal  angle  of  repose. 

As  long  as  undercutting  proceeds,  removal  of  sediment 


Fig,  S,  Sketch  of  roof  of  the  ih*rmo-*ro*lonal  niche  mapped 
in  Fig .  4 


rig.  6.  A  thermo-oroslonsl  nlcho  in  the  Gubik  rormotion  two 
days  after  floodwaters  began  to  recede.  Note  deposits  at  the 
front  of  the  ruche 


f,.  .-^ 

rig.  8-    Blocks  two  days  after  collapse.   Note  lc«-wedge* 
along  which  fracture  occurred  and  the  amount  of  sloughed 
material  at  the  base  of  the  vertical  cUff.    Location  1 ,  Tig.  2 


sloughed  from  the  t>ank  is  insured.    Under  such  conditions, 
the  rate  of  bank  recession  is  limited  by  the  rate  of  thawitvj 
«t  the  bank  face   for  several  reasons  this  rate  of  recession 
is  slower  than  the  rate  by  which  the  niche  is  deepened.  The 
rate  of  thaw  is  greater  in  the  niche  than  on  the  bank  face 
because,  for  any  given  temperature,  the  exchange  of  heat 
between  water  and  a  solid  is  more  intensive  than  between  air 
and  the  same  solid  .3].  Also,  water  temperature  may  average 
higher  than  air  temperature  during  much  of  the  flood  season. 
Fig.  7  compares  temperatures  for  part  of  1962.    River  ice, 
schematically  represented,  emphasizes  the  relationship  be- 
tween air  and  water  temperature  and  ice  presence.   In  addition, 
the  mechanical  action  of  flowing  water  accounts  for  some 
preparation  In  the  niche  as  well  as  the  removal  of  material 
prepared. 

After  recession  of  the  floodwaters,  air  temperature  and 
gravity  continue  to  cause  char>ges  in  the  niche.   In  the  Gublk 
materials,  the  roof  takes  on  an  intricate  pattern  because  of 
differential  rate  o!  thaw  of  the  froscn  sediments  and  enclosed 
ice,  enclosed  wedges  are  left  like  ribbons  in  the  roof  of  the 
niche  (Fig.  S) . 

The  most  important  chai>ge  in  the  tuche ,  however,  results 
from  thawing  of  and  sloughing  from  the  overly  steepened  bank 
face.    Sediment  accumulates  in  front  of  the  niche  and  in  a  few 
days,  seals  it.  At  the  time  of  fir^l  sealing,  the  niche  may  be 
more  than  a  meter  less  in  depth  than  it  was  at  the  time 
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Fig.  7,  Water  and  air  temperature  during  prebreakup  through 
postbreakup  flooding 


floodwaters  began  to  recede. 

Although  bank  sloughlrig  is  fairly  continuous  in  the  Gublk 
and  other  mineral  banks,  it  apparently  does  not  account  for 
more  than  a  meter's  recession  per  year  of  all  but  some  of  the 
most  vulnerable  banks.   Such  a  recession  compares  with  that 
of  2  m  calculated  by  A.  ).  Eardley  for  the  frozen  sand  banks 
alor)g  the  Yukon  River,  where  summer  Is  longer  and  average 
summer  temperatures  are  higher  [4]. 

Bank  retreat  caused  by  such  sloughing  Is  minor  compared 
With  that  resulting  from  the  collapse  of  the  large  hanging 
blocks  formed  by  undercutting  (referred  to  as  "cornices"  In 
Russian  literature  CzJ).   Collapse  occurred  at  several  loca- 
tions In  the  delta  In  banks  of  various  compositions  and  of 
various  heights,  but  the  most  extensive  collapse  occurred  in 
a  section  of  the  Gublk  Formation  (Fig.  8).    Such  block  col- 
lapse in  Alaska  has  been  reported  previously  by  numerous 
authors  [5,  6,  7,  8]  for  the  Yukon  River;  [9,  10,  ll]  for 
arctic  coastal  areas).   The  collapse  reported  here  occurred 
two  days  after  floodwaters  began  to  recede  and  prior  to  the 
sealing  of  the  thcrmo-orosional  niche.   The  break  occurred 
along  an  ice-wedge  which  averaged  about  3.  S  m  deep  and 
nearly  paralleled  the  river.    Before  collapse,  the  thermo- 
eroslonal  niche  had  been  extended  in  places  beyond  the  plane 
within  which  the  ice-wedge  occurred.    Even  though  the  wedge 
was  not  deep  etxjugh  to  be  reached  by  the  niche,  it  presented 
a  zone  of  sufficient  weakness  to  control  the  fracture  line. 

Fracture  also  occurred  in  planes  perpendicular  to  the 
rlverbank  arxl  again  alorvg  icc-wedges.    Fig.  9A  shows  the 
reconstructed  bank  a  few  days  before  collapse;  Fig.  9B  is  a 
map  of  the  bank  made  from  a  survey  completed  two  weeks  after 
collapse.    The  two  maps  show  that  ice-wedges  not  only  exert 
an  Influence  on  the  width  of  the  collapsirig  bank,  but  also 
upon  the  length  of  the  irvdividual  blocks. 

Once  such  blocks  break  off,  thawing  of  the  permafrost 
proceeds  rapidly  from  all  sides.   The  vertical  nature  of  the 
blocks  results  In  immediate  sloughing  of  the  sediments  as 
soon  as  thoy  are  thawed.   The  blocks  are  converted  rapidly 
into  pyramids,  while  the  vertical  cliff  of  the  new  bank  face 
is  changed  into  a  steep  slope  (Figs.  10  and  9C).   Total  bank 
recession  In  this  area  of  collapse  averaged  about  10  m 
(Figs.  1  lA  and  I  IE) .   This  amount  is  comparable  to  the  third 
or  highest  degree  of  erosion  for  the  sartd  banks  of  the 
Indiglrka  Delta  as  reported  by  Lomachcnkov  [  12] .    By  the  end 
of  the  summer,  the  now  bank  had  rcassumod  its  rtormal  profile 
and  the  only  evidence  of  a  former  collapse  was  the  remnant 
piles  (probably  removed  during  the  next  flood  season)  and  a 
slight  bteak  In  the  normally  smooth,  crescent- shaped  bank 
crest  (Fig.  10) . 
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Fig.  10.    Blocks  o(  Fig.  8  after  ten  weeks 


rig.  9.   Maps  of  the  Gublk  Formation  showing  the  change  In 
bank  form  occurring  during  the  summer,  1962 

A.  Bank  at  flood  stage  prior  to  collapse.    Dashed  lines 
represent  ice-wedge  positions 

B.  Tundra  vegetation  covers  the  top  of  all  blocks  (compare 
with  Fig.  8) 

C.  Note  smooth,  slightly  crescent- shap«d  bonk  crest  and 
smoothness  of  the  slopes  of  both  the  bank  and  the 
pyramidal  piles  at  its  base  (compare  with  Fig.  10) 


The  smoothness  of  the  bonk  slope  reflects  the  fact  that  in 
highly  mineralized  banks,  ice-wcdgcs  retreat  at  about  the 
same  rate  as  the  mineral  portion  of  the  bank.   The  resultant 
bank  thus  presents  no  evidence  of  an  enclosed  ice-wedge 
system. 

BANK  EROSION  IN  SAND  DUNES 

Recession  of  banks  made  of  sand  dunes  and  the  resultant  bank 
form  is  very  similar  to  that  observed  in  the  Gubik  Formation. 
Notable  differences  depend  on  the  absence  of  ice-wedges  and 
on  the  more  uniform  texture  of  the  sediments.  Development 
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of  the  thermo-erosional  niche  (Fig.  12)  is  similar,  and  rapid 
sloughing  also  occurs.    Spoiling  (Fig.  13)  is  more  obvious 
than  in  the  more  variably  textured  Gublk  Formation.  Bank 
collapse  (rig.  14)  occurs  when  gravity  overcomes  the  cohesive 
strength  of  the  frozen  sand.  Unlike  in  the  Gublk  Formation  . 
no  oriented  wedges  are  present  along  which  the  break  can 
occur.   However,  an  occasional  Ico  vein  (Fig-  12)  may  serve 
as  a  line  of  weakness-   The  presence  of  tension  cracks 
(Fig.  IS)  suggests  that  breaks  result  from  more  random  planes 
of  weakness  than  those  provided  by  ice-wedges. 

Durlr.g  low  water,  sand-dune  banks  develop  an  angle  of 
repose  in  keeping  with  the  texture  of  the  dune  sediments- 
Thus,  as  in  the  Gublk  Formation,  nearly  all  bank  recession 
occurs  during  flooding. 

BANK  EROSION  IN  PEAT 

Peat  banks  recede  in  a  different  fashion,  although  thermo- 
erosiorval  niches  are  again  important  (Figs.  16  and  17). 
Because  of  the  resistant  nature  of  dense  peat,  ice- wedges 
erode  faster  than  the  peat  itself.   Rapid  melting  of  exposed 
ice-wedges  loaves  indentations  separated  by  polygonal  blocks 
that  appear  as  buttresses  protruding  Into  the  river  (Fig.  18). 
Melting  of  an  ice-wedge.  Just  as  thawing  of  permafrost, 
proceeds  more  rapidly  through  water  contact  than  air  contact. 
Thus.  Ice-wedges  also  exhibit  thermo-erosional  niches- 
Eventual  ly,  wedge  recession  will  proceed  to  the  point  of 
Juncture  with  wedges  which  parallel  the  river-    Once  these 
parallel  wedges  melt  (Fig.  19),  peat  blocks  having  the  form 
of  the  original  ice-wedge  polygons  will  be  isolated.  Those 
blocks  may  or  may  not  have  been  undercut  sufficiently  to  have 
collapsed  prior  to  the  time  of  separation.   The  map  (Fig.  20) 
shows  three  such  blocks  and  presents  a  rather  typical  bank 
form  observed  in  the  Colville  Delta. 

Sealing  of  the  thermo-erosional  niche  generally  does  not 
occur  in  such  peat  banks.   Thawing,  due  to  air  contact,  is 
limited  to  a  few  centimeters.  As  the  enclosed  mineral  matter 
of  this  thin,  thawed  layer  is  removed,  the  vegatal  remains 
form  a  protective  layer  that  decreases  both  the  rate  of  thaw 
and  removal  (Figs.  16  and  17).    This  mineral  matter  is  Of 
Insufficient  quantity  to  close  the  niche.    On  the  other  hand, 
the  niche  Itself,  even  though  open  throughout  the  summer,  is 
little  modified.   Vegetal  fibers  (Fig.  17)  protect  the  roof  of  the 
niche  as  well  as  the  bank  from  deep  thawing, 

TIME  OF  MAJOR  BANK  EROSION  IN  THE  DELTA 

Since  bank  collapse  is  closely  correlated  with  the  development 
of  the  thermo-erosional  niche,  and  since  development  of  this 
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Tig.  12.   Thenno-eroslonal  niche  in  sand  dune  at  Location  2 
of  Fig.  2.  Note  Ice  vein  which  stands  out  due  to  differential 

thawing  Fig.  13.   Thermo- eroslonal  niche  in  sand  dune 
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rig.  14.  Block  of  sand  ihai  collapsed  during  late  summer  at 
result  of  high  waiei  and  wind- induced  waves 


fig.  IS.  Tension  cracks  In  top  of  sand  dune  over  the  thermo- 
eroslonal  niche  In  Tig.  1  3 


Fig .  16.   Undercut  peat  block  at  Location  4 .  Fig .  2 


Fig.  17.   Closeup  of  undercut  peat  block  showing  vegetal 
fibers  which  protect  the  peat  from  deep  thawing  and  abrasion 


occupied  by  an  ice- wedge 


Fig.  19.    Ice-wedge  In  process  of  melting  at  Location  5. 
Fig.  2,   When  melting  is  complete,  the  block  on  the  left  will 
be  isolated  from  the  polygonal  field 


rtg.  20.  ttap  e(  a  Metfoa  of  the  pMt  tenk  at  Location  3, 
Tlq.  2 


fiMho  dopoDds  BlDoat  ontlraly  on  floodlnB.  najor  bank  reoec- 
■lOB  oeeura  duflng  or  abortly  aftar  flooding,  nw  blghatt 
•tasaa  of  tha  rlvar  am  Just  bafora.  dutliiii,  and  Juat  aflar 
Imakup,  ao  oiaxiaium  undmeuntng  and  raiidtant  alamptng 
alnoat  alwaya  oocur  wlfMn  tm  or  tlwae  waaka.  Abramov. 
hewavar.  notad  that  ooUapaa  was  giaataat  totaard  tha  and 
of  aumaiar  along  tha  loww  tom  Wvar  C  U] . 

Thoao  undarovt  banka  ia  tha  drtta  that  do  not  eoUapaa 
pilar  to  being  aaalad  at  thalr  fnnt  will  piebaUy  tamaln  Intact 
until  thalr  nldia  la  laopanad  and  daapanad  furthar.  Kaplina 
wrltaa  that  "One  of  tha  aaeaaniy  eendttfona  for  tha  formation 
and  praaamttan  ol  da^  iilehaa,  ....  la  a  MfOAantiy  high 
raaiatanea  of  tha  feeian  mcfci  of  tha  loof  to  famakage:  the 
aaM  raaiatanea  dapmda  to  a  great  extant  en  flia  temperatm 
of  tha  tedta"  (  il .  Ihia  realatanee  vailea  with  the  texture  of 
tha  aadlaiani  aa  %Mll  aa  tenpenture.  The  slight  temperature 
ehangas  at  depths  and  the  low  average  pennefrost  temperature 
In  fhm  latitude  of  the  CohrlUe  Delta  ellow  the  development 
and  prasaivation  of  deep  niches- 

Under  certain  conditions  In  the  ColvUle  Delta  during  late 
June.  July,  and  August,  some  renewed  undercutting  and 
alumping  may  occur.  It  is,  however,  associated  primarily 
with  an  addiuonal  (actor— wlnd-4anaratad  waves .  The  rela- 
tion o(  wind-generated  waves  to  bank  aroaion  along  arctic 
flvars  haa  baan  axanUned  by  WilUana  C?]  for  tha  Yukon  Mvar 
and  by  Walker  and  Moigan  [  M]  for  the  Colvllle  River. 
Suniaar  (leoda,  dependent  upon  ram  in  the  Colville'3  water- 
shed, saldom  If  ever  approach  stages  comparable  to  that 
•xpailanoad  dunnQ  breakup.   However,  this  flooding  during 
tha  summer  may  be  sufficient  to  reopen  the  thermo-eroslonal 
niche  which  formed  during  the  spring  floods.  Additionally, 
high  water  in  summer  not  only  depends  on  floods  but  also  on 
the  backing  of  sea  water  up  the  river  by  westerly  winds. 
Prok>ably  such  high  water  is  seldom  sufficient  to  cause  much 
aioalon  except  when  accompanied  by  stror^g  wavos.   The  niche 
and  collapsed  block  shown  in  Figs-  12.  li,  and  14  were 
formed  in  lata  auiBaiar<  aflar  throa  daya  ol  Ugh  winds  and  high 

water. 

An  Interesting  obser.'atlori  on  bank  collapse  is  mad-?  by 
Stefansson,  who  wrote  thai  "In  winter,  however,  a  sharp 
frost  of  sudden  change  In  temperature  ottor.  causes  th.?  earth 
to  craclc  to  a  qnifit  depth.    If  ana  of  the  cracks  happens  to  be 
suitably  locfiii^d.  it  -:utr.  oft  the  prnjcctiny  bank  and  it  nay 
tumble  jpo.-^i  the  icc  in  mid-wmter  '  L^J.    In  the  Colville,  this 
type  of  bank  collapse  appears  to  be  rare.  eBpecially  when 
compared  to  frequency  of  block  collapse  during  flooding. 


CONCLUSIONS 

Permafrost  and  lea-wadgaa  ara  two  of  nany  ftalora  that  In- 
fluence tha  morphology  and  dynantlea  of  livatfaanka  In  iba 
Cotvilla  Delta.  Iea«wadgaa  aia  Uapoctaat  In  (wo  major  wayat 
(1}  Tbay  pnwida  planaa  of  waaknaaa  along  which  fractam  la 
llkaly  to  oecur  during  hank  oOUapio,  and  (2)  Oialr  fata  of 
eroalon  ia  ralativaly  rapid,  aapaelally  whan  In  banka  of  dam* 
paat. 

Panaateat  la  aapadally  fnpoctant  baoaiiaa  It  affoota 
aioalon  by  allowing  the  fonaatlen  of  a  thamwatoaional  nlehe 
and  tha  davalopmant  of  a  eemlce.  The  oomloe  la  ao  ooouaon 
along  the  efctle  rlvera  of  Sibaila  that  Guaav  ineorpecatad  it. 
In  ita  aeaaml  varletloa.  ai  one  of  the  keya  In  hla  ilve^nk 
elaaaltleatton  [  z] .  iMnaehaakev,  tiaing  thla  olaaalfleatien, 
haa  gwde  a  ^Hwar  oragaoBla  of  bank  asoalon  for  portloaa  of 
thelndlglika  D«ltaCl2]. 

Udt  of  data  tar  tha  Oobrllla  Delta  piaMblta  aueh  a 
aephlatleatad  anolyaia.  Hewavar,  fuitbar  atudy  of  the 
aioipbology  and  dyivmlea  of  rlvorbaidca  In  the  Golvllle  Date 
would  probably  pfoflt  by  ualng  Guaev'a  elaaalfleatlon  or  by 
dovlaliig  one  whieh  almtlarly  Ineoipofatea  the  alonlCieant 
aapacta  of  penwinat  and  lee*wedgee  along  with  the  aera 
eonnnon  helon  tnaelved  In  ilvaibank  aioalen. 

The  field  woifc  iwr  thla  attidy  was  eondueied  under  tha 
auspicea  of  the  Ceeatal  fltudloa  Inatttuia,  Louiaiana  ftata 
University,  with  finanelal  auppett  torn  tiio  Gaegiaphy  Bianeh. 
OOiea  of  Haval  Aaaaareh,  and  wltii  loglatle  aupport  of  tha 
Aretle  Raaaarch  taboratoiy  at  Banow.  JUaaka. 
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PERMAFROST  MAP  OF  ALASKA 


OSOARf.  FBmuKa.]^..  U.S.  GeQlggleal  flunray.  Wuhli^ten.  D.C. 


Ml  •valtoMe  data  wert  uUllMd  In  th*  oonpUsUon  of  a  paaaa- 
toit  trap  of  JUaska.  which  was  dnwn  at  a  aoala  of  1  la 
2,S00,000.  !n  arMa  wbara  adaquata  data  wmra  lacking , 
axfirapolationa  wan  aiada  fton  known  aiaaa  by  avoluatlng  the 
eUnatle,  «aoloole,  lopo«nphlc,  and  botanic  facinr*  that 
influanea  tha  ehaniclav  and  diatrifautlon  of  pemaboat.  Etghty- 
fhf*  par  cant  of  iUaaka  la  within  tha  ponaatoat  lOBlaa.  Out- 
alda  tha  panaaheat  leflon  a  few  laolatad  guaaaa  of  patnafioat 
Occur  at  hi^h  altitudaa  and  In  araaa  of  high  giound  inaulatlon 
and  low  «raund  inaoiatioa,  eapaolally  near  the  holder  of  tha 
panaafioat  raglon. 

The  peraiahoet  region  la  aeparatad  Into  two  major  divialona: 
(1)  Mountataioua  araaa  wbara  auaunlta  generally  axoaed  3000  ft 
end  (2)  lowland  and  upland  araaa  where  twamita  geneially  ara 
leaa  than  3000  ft.  In  mountainoHa  araaa.  hednck  ia  at  or  near 
the  awfaoet  lowland  and  upland  araaa  aie  underlaid  pradoml* 
nantly  by  unoonaolidatad  dapostta.  lite  thtdcnesa.  dlatnhu- 
tlon,  and  tampaiatura  of  panaafteat  am  aManialy  vartabla  in 
laounialnoua  araaa,  whereaa  In  tha  lowland  and  upland  araaa 
theae  eharactaiiatica  ara  nora  unlfenn. 

Ttom  nortt  to  ioutht  the  mountainous  araaa  ara  auhdlvldad 
Into  thrae  map  uaita:  (1)  Araaa  ganatally  underlaid  by  pama- 
6ost,  (3)  araaa  ganaially  undaaiaid  by  diacontlnnoua  peraia- 
frost,  and  (31  anaa  vanerally  undarlald  by  iaolatnd  aieaaea  of 
pacma  Croat* 

Loarland  and  upland  aiaaa  ara  subdivided  lain  alx  aiap  units 
Uiat  can  be  giouped  Into  three  breed  nones}  (1)  Hie  nortbem 


»,  locatad  north  of  the  BioOks  Range  in  most  pert,  is 
genarally  underlaid  by  thick  pemafrosi;  (2)  the  cantral  cone, 
looatod  between  the  liooka  and  Alaska  Range  but  including  the 
Coppar  Mver  Baain,  la  genamlly  underlaid  by  moderately  thick 
to  diin  pBimeftOBt  In  araaa  of  fine  grained  dapostta  and  by 
diaeontlnuous  peimaliDat  or  laolatad  aiaaaaa  of  permafroat  In 
aiaae  of  tiil«k.  eoaree  gniaad  dsposlts:  and  t3>  the  southern 
sone.  which  includes  the  Metal  lay  area  aiid  the  noiffaweatarn 
Susltns  lowland,  Is  genentUy  underleld  by  numeroua  laolatad 
Blesses  of  pennaltoBt  in  areas  of  fine  grained  depoalta  end  la 
genarally  frae  of  peramfroat  In  araaa  oi  thldt.  eoerae  gmlnad 
depoalta.  tatmafioat  tamperature  ]ust  below  the  sone  of 
aaasonal  variation  generally  ranges  bom      to  -ll'C  In  the 
northern  sena  and  from  ^l"  to  '('C  in  the  cattral  sonei  It  is 
generally  above  -  l"C  in  tha  aoutharn  sone.  Ihe  known  thick- 
neaa  of  pannateat  nngea  fmm  mora  than  1300  ft  near  Banew 
In  the  nortiiamnttat  part  of  the  permafioat  raglon  to  lenses 
leaa  than  a  foot  thick  In  the  aoutharnniost  part. 

Publication  authoriaed  by  tha  Director.  V.S.  Ge^ogloal 
flunrey. 


Editor's  Note 

Ihe  auttior  baa  sobmftted  the  taimsbost  Map  of  Alaska  tar 
pubUeatlon  an  a  U«S.  Gaologleal  Sunrey  Mlseelisneous 
Invoatlgationa  Map. 


PERAAAFROST  IN  THE  RECENT  EPOCH 


DOIttLD  R.  WCKC%8,  U.S.  Oeotagloel  tevay.  WMhlngton.  D.C. 


Penaabost.  whose  origin  waa  eontroveraial  fbr  many  yean.  Is 
generally  conaldarad  today  aa  the  product  of  past  graund  tam- 
peraturea  brought  Into  equlUbnun  with  prasotit  negative  aiean 
annual  air  taaperatnra  and  Uie  geothannal  gradient.  Far  a 
numbor  of  yMts,  however,  many  woricevs  Cl  to  Sl  ngaidod 
poiMbost  as  a  "legacy  from  itm  last  gnat  lee  age  (nefetoeene 
Cpeeld'*C7}.  Others  raeognlsed  that  psmattost  exists  in  some 
Reoent  sediments,  hut  that  most  lofmed  duitng  the  PtelsMoene 
[•toll].  Today  rallepermaboM  la  being  agwaded  or 
degndsd,  depending  on  the  looal  ewvlrowmeiit,  wMle  new 
pennabest  is  being  gananted  whera  elimetie  condltlona  ara 
sufficiently  cold  Cl3  to  33l .  A  grawing  volume  of  lltemtura 
aiieats  to  tib*  pnsant  eMatanee  of  pamabeat  In  plaeas  that 
wan  covarad  by  lata  Plalaloeaae  glaelara.  seas,  or  takes! 
mudi  fl<  tMa  penaalkost  la  of  Recant  otlgln.  Ihe  following 
data  era  pmaeAad  aa  aupportlng  avldenoe  thnt  paimafioat  has 
Comad  In  wAaeen  Melaloicena  and  later  Bedlnenta  in  a 
BubaroUe  raglon  that  has  amrglnal  sidifraezlna  mean 
tawparaturea . 

RBCSNT  PBRMATROST  IN  COPPER  RIVBR  RASDl 

The  Copper  Mver  Basin  In  aouth-esntral  Aleaka  occuplaa  an 
aiea  of  more  than  7000  sq  km  between  Ol'SO'll  end  UI*N  let. 
During  each  Pleistocene  glaciatlon.  the  baaln  was  Inmded  by 
ice  from  the  bordering  mountalna.  danunlng  exterior  drainage! 
Ice  covered  the  basin  floor  during  earlier  giadaUons  and 
flowed  outward  thiough  low  cols.  The  leaa  extensive  gladera 
of  tiie  last  maior  Plalsioce:  eition  entarad  the  maigina  of 

the  basin  and  fronted  In  a  iar  jc  progladal  lake  that  covered  at 
least  5000  aq  km  of  the  basin  floor  and  that  had  a  maximum 
depth  of  about  300  m.  Tenpeiaturas  In  the  aedimenta  beneath 


the  take  wera  governed  by  the  geothamal  gradient  in  equlll^ 
rlum  with  the  water  tmnpantura  which  prasumaMy  reawlnad 
slightly  above  0*C.  Even  under  the  bordering  gtoelars. 
sigmilcant  dilcknesees  of  parmaboat  pvobaUy  wera  tadung, 
haoauae  Oie  geothermal  gradient  waa  conuollad  by  the  basal 
temperetura  of  the  loe  (around  0*0 .  Theae  eondltlons  psr> 
slsted  from  prior  to  36,000  yeara  age  to  aboM  9000  years  age, 
as  shown  by  radiocarbon  age  detamlnatlcua  £24] .  From  data 
presented  by  lohnslon  and  RMwn  C2S] .  lachenbruch  [  26] , 
Woransklold  [27] ,  and  others,  It  appears  unlikely  that  penaa- 
bost.  If  It  had  been  praaant  prior  »  or  at  the  beginning  of  the 
tast  mejor  glaciatlon.  would  have  peralated  or  faraMd  undar 
the  gtaeien  or  lake  bad.  Thus,  permabost  pmbaUy  aodatasd 
only  In  wmataks  In  the  atnounding  mountains  or  as  pode  or 
small  masses  undsr  looal  high  ground  not  coverad  by  etdiar 
lea  or  take  water. 

Tha  Copper  Rlvar  Raaln  psasentiy  has  a  soharetic  onntlBan- 
tsl  ellnwta  with  siiM  to  warn  suMUBars  and  savara  wintara.  bi 
the  lower  part  of  the  basin,  at  theGulkana  airfield,  the  aiean 
annual  tampantiare  la  •2.0^C,  and  tha  mean  annual  preelplta* 
tMa  is  30  cm:  thm  mean  anowfall  la  about  I2S  em,  although 
tbaia  is  seldom  smto  than  00  em  of  snow  oo     ground  at  any 
one  time.  Rsasonal  best  under  theaa  eondltiens  may  pene- 
tnta  to  a  maximum  depth  of  3  H>  4  m  in  anas  of  gnnutar 
meteriala  having  a  thin  vegetation  and  anow  cover.  In  moat 
ptacea,  it  probably  meryaa  wltii  il»  pammbeat  taMa  at 
I  ID  2  m  below  the  ground  surfhoa. 

Much  quantitative  data  have  been  cOlle<:ted  during  the 
oourse  of  a  eooperatlve  permafrost  pmgnm  between  the 
Alaska  Road  Commtaalon  (later  the  U.  S.  Bureau  of  PuUlo 
Roads  and  tha  Ataaka  Department  of  Highwayd  and  Oia  U.S. 
Geological  Survey  [2S].  SubstantlaUng  qualitative 
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Information  also  has  been  obtained  frriT.  f.-xcfllent  nvcr  t:luft 
exposures,  test  pits,  and  ycncral  snrtact-  t^b'^r-p.'itions  by 
several  ae-olo-.^jc  field  parties.    Frjti  thes-:   tj-  i  ,f  35  apparent 
that  permafrost,  generally  at  shallow  ceptr..  ur.arrlies  all  the 
basin,  with  the  pcssible  exception  of  lakes  arid  nver  flood 
plains  for  which  rto  data  are  available.    Permafrost  has  b-een 
obr.e."^ed  In  sandy  and  gravelly  deposits  of  low  terraces  along 
inrt;D:  rivers'  see  m-i-sses  a.s  thick  »8  60  cm  are  found  in  siity 
an'i  sandy  ;etr<iri'  Ji'po.sits  ot  small  ■tnwmc  dSOply  llWlMd 
Into  the  riei 5tor-i-r.f  l.iki;  lioor. 

The  ihictr.cE5  ::t  pern.ifrost,  difficult  to  ascertain  bvcrtjMs 
o(  tho  Umitfu  n'.ini:)iT  ol  well- record<»<i  ^irill  \cqs  ,  protjabiy  is 
variable.    F:oj.i--.  y.:it  has  been  ob:.t:r/-ij  in  Ireshly  exposed 
r'.voT  b!iiff5,  most  o!  which  consist  01  till  and  glacciaru-itiine 
deposits  nt  Wisconsin  ago  from  depths  of  1  to  75  m  _  29]  . 
Thermistor  cables  have  recorded  irnsen  yrnund  tfi  d  ri,i>;tmum 
depth  of  55  m.    The  mimmun  tempeTaturc  er.rijur.iered  ticlow 
the  line  of  zero  amplitude  (15  to  18  m)  in  these  holes  .v.?*; 

-i.o'c. 

Ground  ice  is  present  in  several  forms  throughout  the  bastn. 
It  appears  most  comtnonly  as  finely  segregated  ice  crystals  In 
urvconsolldated  deposits.    Such  ice  generally  averages  be- 
tween 30  to  60%  of  the  dry  weight  of  the  soil,  and  locally 
may  be  much  more.  Thin,  discontinuous  ice- lenses  are  com- 
mon along  b*ddlr)g  planas  o(  tominated  deposits,  such  as 
lacustrine  sand  and  slit,  or  as  velnlets  along  fracture  planes  in 
bedrock.   Although  large  masses  of  ground  ice  are  found,  their 
growth  and  distribution  may  be  restricted  by  saline  ground 
water  in  th«  lower  parts  of  the  basin.   This  ground  water  also 
may  impede  the  downward  aggradation  of  permafrost.  Amor- 
phous aitd  irregular  masses  of  ice  as  large  as  S  m  in  diameter 
are  the  most  common  type  of  large  ice  mass;  they  are  most 
likely  to  occur  in  massive  deposits.    Multllayered.  tabular 
sheets  of  tee  60  to  90  cm  thick  with  vortical  ice  "dikes"  con- 
necting some  sheets  C29j  have  been  seen  in  well-bedded 
dapositsat  several  tocallttea.   Ice-wedges,  although  not 
ganarally  ancountered,  are  usually  snaU:  the  largest  meas- 
ured was  up  to  60  cm  wide  and  120  cm  long  vaitlcally.  A 
7S  m  bluff  on  tiia  south  side  of  the  Copper  iUver  40  km  north- 
MBt  of  Gakona  contains  all  types  of  Ice  present  In  the  basin. 
Some  sheets  of  ice  in  the  bluff  mntained  large  unfilled  voids 
or  fractures  as  much  as  30  cm  wide  and  1  SO  cm  liOng<  probably 
farou  jht  'jbout  by  cracking  of  the  ice  during  archlDQ  Of  the 
beds .   The  numerous  thick  ioa  sheets,  Qaiuraa  In  tha  lea. 
and  arching  of  the  beda  aaiggaat  an  ineipitaiit  pln^o.  the 
development  of  which  was  arrested  by  river  erosion. 

Surface  marufestltatlons  of  buned  ground  ice  are  relatively 
rera  wiibtn  tha  limits  of  glacial  artd  lacustrine  deposits  of 
Wlaeonaln  aga  In  tha  Copper  River  Basin,  but  they  are 
•vldam  on  older  moralnal  deposits.  The  lower  Klawasi  mud 
volcano  [  30] ,  a  low  conical  hill  east  of  the  Copper  Rivar, 
waa  described  by  Fkoat  aa  a  plngo  LSl].  Tha  tntarpretatlon 
of  this  mud  voicana  at  62*N  lat,  and  anoihar  plngo- like 
faatura  at  6S°N  lat.  as  true  pingos  waa  Quaitionad  by 
Fritz  Muller  [  32]  ,  because  they  lie  consldarably  aouth  of 
1  known  plrvjos  in  Alaska.    However,  since  numerous 
'  pingos  have  been  found  recently  in  central  Alaska 
between  63" N  and  S^'N  lat.  [33J ,  the  6S''N  to  73° N  lat. 
limits  of  the  typical  plngo  environment,  as  describod  by 
Frlta  Muller  [  32J .  should  be  revlaad.  Although  the  Lower 
Ktawasl  and  other  mud  volcanoes  In  tha  Copper  River  Basin 
are  unrelated  to  permafrost  phenoBwiiBi  It  is  possible  that 
pingos  may  have  existed  in  the  taaaln  during  the  Pleistocene 
and  aiay  ba  faming  today  at  tha  tnelplant  plngo  daaeillied 
abova.  Jtrahad  or  donad  lacuaizlna  bada.  oonalatant  in  angnl- 
tuda  wltii  known  plngo  fema.  hava  baan  obaaivad  In  daaply 
hmdad,  early  Plalatocana  dapoalta  in  tha  Ooppar  Rivar  Baalat 
ibay  Bwy  faa  foaall  plngoa,  Furthar  atudy  of  axlattng  ptngot 
alao  May  ptovlda  eluas  lo  oUmauc  and  pannafiDal  eondtttoni 
exiatlng  dating  tha  formation  of  inelptant  and  toaall  pingoa. 


DKItNG  OF  KECEN7 


Pannafnat  In  tha  Goppor  Rlvar  Baitn  waa  datanatnad  by  tha 
oathon-14  nathod  to  ho  of  Raeam  aga  at  two  plaeaa>  bi  1994, 
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Fig.  1 .  ffltatidi  of  layara  In  an  axpoaod  bluff; 
datoa  wan  daiandnad  at  A  aad  8 


ina  bluff  along  the  east  side  oi  Tolsona  Creek,  a  contorted 
paat  layar  and  several  undisturbed  peat  beds  ware  exposed 
ovar  a  laigo  lee  mass.  The  ice  mass,  more  than  1  m  thick  and 
3  m  long,  was  largely  at  tha  top  of  pebbly  lacustrine  clay;  but 
in  a  few  places,  it  intfuded  upward  into  60  cm  of  contorted 
medium  gravel  which  was  arched  directly  over  the  Ice.   In  tha 
middle  of  the  gravel  was  a  folded  peat  layer  as  much  as  S  cat 
thick  (Fig.  1) .   The  gravel  was  unoonfonnably  overlain  by 
60  cm  of  undisturbed,  horlsontally-bedded,  medium-grained 
sand  which  contairted  two  peat  layers,  each  2.  5  to  5  cm  thick. 
The  lower  peat  layer  in  the  sand  (A)  and  the  peat  In  the  gravel 
{B>  have  been  dated  by  the  U.S.  Geological  Survey  (W-1307) 
as  SBSO  *  320  years  old  [SS]  and  (W-717)  6910    250  yaara 
old  [34],  respectively,  and  thus  bracket  the  period  of  ice 
mass  growth.   The  frozen  sediments  over  the  clay  and  ice  era 
intarprated  as  havirvg  been  deposited  by  Tolsona  Creek  during 
a  stage  of  dissection  o(  the  Wisconsin  lacuatiliie  plain.  The 
fact  that  this  period  Uaa  within  tha  poalglaclal  thermal  maxi- 
mum (9000  to  3000  yaara  ago  aeeordlng  to  Ahlmann  C  36]  and 
7500  to  about  4000  yaara  ago  according  to  riint  [  37])  nlaaa 
the  quesUon  as  to  whather  the  date  may  not  record  a  paitod  of 
partial  thaw  of  pre-existing  ice  rather  than  growth  of  a  naw 
maaa.  Thia  interpretation  would  require  the  grave!  and  an- 
cloaing  paat  to  have  been  deposited  by  Tolsona  Creek  directly 
on  tha  lea  without  dlaturUnp  it:  subsequent  thaw  of  the  ice 
and  dafonaatlon  of  tha  paat  would  have  taken  place  during  tha 
htatua  lapteaantad  by  tha  truncation  ot  the  gravel ,  attd  prior  to 
dapotltloa  of  tha  ovartylng  sand  and  peat.  Such  an  intarpra- 
tation  la  dtaeountad  because  of  the  arching  of  the  contorted 
graval  and  paat  ovar  tha  loa  and  bacauaa  of  tha  Improbability 
of  iha  lea  maaa  paralattng  while  tha  graval  and  paat  wara 
dapoaltad. 

Tha  Ooppar  Itlvar  Muff  containing  the  incipient  plngo  sec- 
tion is  capped  by  a  paat  bad  S  m  thick ,  the  base  of  which  haa 
been  dated  at  4S10  *  800  yaara  old  [  38] .  Ice- wedges  near 
tha  top  of  tha  paat  obviously  formed  after  the  lower  part  of  tha 
paat  had  baan  dapotitad  and  probably  within  tha  last 
2000  yaara;  tha  data  cannot  be  used  to  determine  the  age  of 
tha  l<w  naaaaa  la  tha  undarlylng  gladolacustnne  deposits. 

Blaawtaafia  In  Alaaka.  laperta  faava  baan  publlsbed  dataiUng 
aggmdatUMi  of  panmaftoat  in  Bacant  olluvluffl  and  odwr  da> 
poalta.  hut  eatotlvaly  faw  auA  Mporta  coalaln  absolute  aga 
datamlnatlOMB.  In  tha  Momaaraa.  Hopkins,  MacNeil,  and 
Laepold  [U)  hava  datad  lea-wedges  as  forming  after  8000  to 
MOO  yoaia  ago.  In  the  falibanks  area,  Pewe  [40]  records 
that  tha  uppar  Caw  feat  of  parmaftoat  thawad  batwaan  SOOO  to 
6000  yaara  ago.  and  alnea  that  tlaia  pannalkoat  haa  raftmaed. 
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EVIDENCE  OP  PUmOCEKE  PENMAFNOCT  IN  THE  COPPER 
WVER  BASIN 

Permafrost  probably  was  present  ir>  th«  Copper  River  Basin  at 
various  timos  during  the  Plelstocerte.  Thick  pannafiost  and 
bodies  o{  frozen  ground  at  depth,  both  Of  which  have  bMii 
coMlderad  as  evidanca  Of  rallc  PlalstooeiM  paimafrost 
[11.  12] ,  hava  bean  reported  in  araaa  bordarlng  the  Copper 
Mvar  Stain*  Bateman  and  McLaughlin  [4l]  found  pannairost 
as  auMb  m  275  m  banaath  steep  slopas  or  to  a  depth  of  ISO  m 
nanwl  to  the  aurfaea  at  htgb  alevatlont  in  tha  Wranoall 
MouRtalna  louthaatt  of  tba  Copper  Mvar  Bailn.  This  perma- 
frost, aneouRtarad  In  tha  Tumho  and  Benania  minas,  is  many 
times  tluckar  than  that  noraially  fOund  In  tha  tiaaln,  and  may 
be  a  rallc  of  Plalsiocana  pannafaoat  maaivad  in  a  nunatak 
between  trunk  slaciars. 

Taber  [ll]  also  c.lxnt  the  presenre  o(  "a  frozen  blue  clay 
containing  ice  layers,  one  of  which  was  2  It  (60  cm)  thick" 
:)i  r.i-.ith  gravel  and  48  It  (H.6  m)  below  th<-  s.j:l,irf  ,ii 
Err.iJitinc  In  the  Chugach  Mountains  south  of  th<-  iMssn.  He 
ielt  that  this  occurrence  was  an  indication  nf  ir(.-czing  when 
the  climate  was  colder.    Because  the  gravol  iir.ii  blue  clay 
prt-'t-ab.'/  were  deposited  dur.rg  thp  Wiscnnsjn  a  ltjrj,Tt.on ,  thoy 
did  r.ct  t-ccome  exposed  to  co;d  a.r  t<?nr-'''3l  jr''5  ur.til  Iho  ice 
had  retreated  ana  the  lake  walvr  had  drainea-    Rather  than  a 
recent  anohoration  of  chnate    the  depth  to  permafrost  at 
this  locality  more  likely  results  trnm  thawing  of  the  ground 
alter  removal  of  the  insulatintj  vc  jotation  cover  by  forest 
fires,  which  were  corv.nicn  dunn':;  iettlemont  of  the  area  in  the 
early  1900's.    Inlert-ermalrost  t.^Ut;. .  which  have  tmur.  con- 
3;der-'d  to  rcprcsi^r.:  deep  thaw  oi  th<-  upper  pat;  o:  u!.:t; 
permatrosl  followed  by  partial  re'jtowt.h  Cutinq  nriore  incent 
cold  p<»nod?\  L  42  .  .  ant  r<ot  kriov/n  in  the  Copper  River  EJasm. 

In  .addition  ic  dei!p  peri-i.^trost  In  the  Wrangi'U  Mountains 
bordering  the  lia  s  i  n  a  r.d  (josrilble  ftii;5ll  pn>jo-|jke  NttucturcS 
m  thi'  iMsln.  several  features  rocnrded  m  the  stratigraphy 
an^  indU-.5tive  of  the  existence  ;>l  (jcrmafrost  Ihrougfio jf.he 
PlelNtocene.    Wedge-;  of  nrtnd  and  silt  in  pre-VV'isconsUi 
giaclolac- jstrira-  .sedini'nt or  in  ojganlc  silt  are  interpreted 
as  [r^'^sll  ire- weilgi's."  beddint;  pi.tncs  of  sedimerits  adjacent 
to  wedges  .;3ericrally  have  an  upward  dip  alorf^  the  contact, 
particularly  noar  the  top  oS  the  wei::ye-    Hiyhly  convoluted 
buned  soil  profiles  occur  in  sand,  silt,  and  organic  deposits. 
Alt.iough  some  of  ihese  features  are  indicative  oniy  oi  strong 
frost  Etirrina,  slumping,  iceberg  drag,  etc.,  the  convoluted 
layer  abruptly  terminated  at  the  base  is  evidence  of  perma- 
frost.   Permafroa;  m  Recent  deposits  inhibits  downward  con- 
gellturtiation  in  areas  clMiacterlzed  by  a  sh,^llow  active  zone. 
Because  most  o)  these  features  are  either  ir.  deposits  Inter- 
preted as  mterqlncial  or  ate  burlec;  by  glac.al  deposits,  they 
probably  were  formed  during  early  or  late  jlacial  coot  pailoda< 
It  not  during  relauvely  warm,  mterglacial  periods. 

PBIOMPIIOSr  IK  OTHBil  AREU 

The  largo  land  areas  of  Alaska,  the  Soviet  Union,  Canada, 
and  elsewhere  In  the  Arctic  .!)nd  sub-Arctic  that  were  covered 
by  Icc  or  water  probably  were  free  fron  pcrmafrest  during 
much  of  the  Wisconsin  glaciation.    Hopkins,  Karlstrtin,  and 
others  .  14j  have  stated  that  in  Alaska  "large  areas  insulated 
by  ice  were  protected  fron  low  air  to.T.perat'-res  at  the  same 
tine  thiat  perennially  frozen  ground  was  fcrrnir/j  to  great 
depths  In  ad|olni.'ig  ice- free  lowlands.    Permdfrosl  beneatli 
gjnclated  surfaces  has  fotned  l,.tryoly  In  periods  Of  less  cold 
clinate  during  and  since  rley l.^iclation  anri  thus  probably  is 
;inited  to  relatively  shallow  depths."    Pewe  lAJ.  believes 
that  changes  In  climate  during  the  Pleistocene  resulted  in 
several  cycles  of  permafrost  formation  .and  degradation  in  t.he 
Fairhvinks  area.    Cre.ssey  has  written  that  "where  the  Ice 

moved  farthest  sojth,  in  western  Slb^trla,  the  llmit.i  of  frozen 
ground  are  tar  to  ihti  mrth,  in  the  tundra.  In  the  regions  east 
of  the  Yenisei  River .  where  tha  lea  waa  abMntt  frosan  ground 
axtands  south  Into  Mongolia, 

lea  It  a  poor  eendueler  and  tha  Ihlek  slaetal  blaiikM  mud 
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have  insulated  the  asrth  fron  abnormally  low  atawspherlc  tem- 
peratures."  Obruchav  [l9l  reports  that  "aoU  tamperaturaa 

under  thick  glacier  lea  and  snow  cover  remain  near  the  freezing 
point  because  oi  tha  Inaulatlng  affaets  of  snow  and  ic«  and  tha 
pamafrest  of  western  Slbaria  probaMy  waa  fomad  In  tha  arid 
ellnata  of  tha  postglacial  parlod," 

Jannasc  also  baliavas  that  much  of  tha  parmatott  in  Canada 
is  of  Recent  origin.  Ha  statas,  "Qna  thing  aaana  oartaln,  vis., 
that  no  permafrost  can  orlgiitata  tindamaath  huga  massas  of 
snow  and  Ice;  for  these  masses,  so  thick  that  friction  and 
prassure  tend  to  keep  the  ice  on  the  bottom  at  its  melting  point, 
can  do  no  more  than  serve  as  an  insulating  blanket  superim- 
posed on  any  frost  that  may  already  exist  on  the  ground."  [  1  5] 
It  is  problematical,  however,  whether  relic  permafrost  could 
persist  under  large  ice  sheets  while  heat  from  the  interior  of 
the  earth  is  seeking  equilibrium  with  the  near- freezing  tem- 
perature at  the  base  of  the  ice,   Jenness  [  15]  has  cited  the 
lack  of  permafrost  under  Hudson  Bay  as  evidence  that  perma- 
frost unuer  l.md  Surfaces  covered  by  tha  saas  dWUig  tha  laat 
major  glaciation  is  of  Recent  origin. 

The  permafrost  map  of  Canada  recently  prepared  by  the 
National  Research  Council  .45]  Inuicates  that  much  of  the 
pemDfrost  m  Canada  must  be  of  Recent  origin  il  permafrost 
did  not  exist  -.-ider  surf  ices  covered  by  Wisconsin  glaciers  or 
water.    The  fact  that  glacial  and  porrtHjfrost  boundaries  bear 
little  direct  relation  and  that  pertrujfrost  t>ow  exists  where  it 
was  prohibited  during  deposition  of  sut>glacial  deposits  does 
not,  a.?  was  suggested  by  Flint  Li'-  .  invalidate  the  theory 
that  ice  sheets  act  as  therrr.al  insulators.    In  i'.'.  li  k,:  1  j  nood, 
glacier;!  d.d  '.spread  over  Arctic  areas  already  undorl.3in  by 
perni.ilto'.t"  ^  37j  ,  but  It  IS  equally  likely  that  permafrost  was 
largely  dissipated  during  the  loi>g  period  of  ice  cover  and  that 
tta  lagwunh  has  takan  placa  afior  rainat  of  the  lca« 

OONCtVEKms 

Permafrost  formed  and  disappeared  fmm  the  jrri.irul  .n  le.ast 
once  during  the  Pleistocene  in  the  Copper  River  B.i5ir.  Must 
P'ermafrost  that  may  have  existed  in  Lie  early  part  of  Wisconsin 
glaciation  gradually  melted  by  upward  conauclion  o'  heat  from 
the  earth's  Interior  during  the  long  period  glaciers  ard  lake 
water  insulated  the  groar>d  surface  from  low  air  temperatures. 
As  the  ground  was  exposi'd  to  Uie  much  lower  mean  annual 
temperature  of  the  air,  pto.^tesslve  downward  freezing  from 
the  surface  lormen  as  m_r:h  as  S5  m  or  more  of  permafrost 
during  the  Recent  Epoch.   A  similar  lustory  is  envisioned  for 
the  ground  thermal  nryime  u.  other  jL.iclated  and  WBtST* 
covered  areas  In  tin-  aictn:  ar.d  subarctic. 

Ground  ice.  in  the  Copper  River  Basin,  although  gerwrally 
seen  as  segregated  crystals  and  veins,  also  is  found  locally 
in  wedges,  sheets,  at>d  amorphous  masses.    Ic-  rr.,-is  ;es  have 
been  dated  as  7000  to  Si'UU  years  o.d  at  one  locality  .md  jess 
than  2UU0  years  old  at  aroiher.    The  relatively  high  nicar. 
annual  temperature,  general  homogeneity  o(  materials  n.2ar  the 
surface,  and  saline  ground  water  may  account  In  par.  for  the 
lack  of  widespread  patterned-ground  features.   Th.^  v.ide spread 
distribution  of  permafrost ,  its  occretior  in  young  siraiments 
the  lack  of  widespread  largo  tee  masses  and  patt.?rnpd- ground 
fi.Mtures.  and  the  growth  of  ground  ice  during  t.h.E-  pcstg.acial 
thermal  maximum  all  attest  to  a  relatively  uniform  growth  Of 
P'oma  frost  uBdBT  tha  nodatata  eUsnata  conditions  of  Om  Recant 
np<ich  • 
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EVIDENCES  OF  GROUND  WATER  FLOW  IN  PERMAFROST  REGIONS 


L.  V.  BMMDOir,  SelMitUle  OfflMr,  GMloffletl  Sumy  of  Canada 


In  a  pamafiost  region  It  la  pertinent  to  aak  what 
permafrosi  has  on  ground  water  and  wtot  evldanoe 

for  aro-nd  water  flow. 
PERMAFROST  EFFECTS 


Fetina&oat  baa  two  eUects  on  ground  wjicr  flow:  Low  tenpar- 
ature  radueea  tbe  rate  of  ground  water  flow,  and  froeen  ground 
Inereaaaa  the  nwnber  of  UnparBwable  iMundarlea  within  a 
ground  water  flow  eyetem. 

Rate  el  Ground  Water  flow 

The  rat',  of  arojrd  wjtnr  d.schorge  Into  strcoms  in  pi-rmjfrost 
regions  :s  lciv,-cr  ^han  in  an  equivalent  region  under  a  temporate 
dlmato  scc.]:.se  of  Increased  viEcosity  oi  -/.-jtur. 

Darcy's  law,  describing  the  rate  of  flow  by  inteiyranular 
ney  be  written 


(I) 


where  V  la  «eloeltr«  a  U  dletanca  hi  die  dteotlaa  of  Oam, 
h  1>  the  total  head,  wbare  total  head  aquala  tbe  aum  a<  aleva- 
tlon  and  preeaum  h«ad  (13*  Ko  la  the  phyalcal  pemeablllty 

constant  occurring  In  die  relation 


<2) 


where  K  represor.ts  tlio  cvir-all  coefficient  of  permeability, 
represents  u.-sit  ■■■.'•figh;  cf  fiuid,  and  ft  is  viscosity  12]. 
The  correction  fur  ii  Is  sigtilticant  In  a  subarctic  chniate 
tMCause  velocity  is  lrr.'i'r-H:ly  (.i  ::[xirtlonal  to  thf  v i s l-  ;i i ty 
of  the  fluid  wh.ch  flowa  ;fir'jugti  iri'-  pcrmuoblc:  trrrliimi. 

Temperatures  of  shallow  Qrcund  witers  m  northern  I  j'itudos 
range  from  32°  to  nCF  and  tht-rc-f  j.-c  r.ivc  vlscosltie5  from 
1 .79  to  1  .SS  cp.  In  temperate  regions  wtiere  ground  water 
temperatures  may  ha  SO*  10  60*F  die  vlaeoalty  rmgea  from 

1  .05  to  i  .30  CP. 

Addition  of  Imnenaeable  Boundarlas 

Qround  water  movea  fnm  a  high  fluid  potential  to  a  lower  flidd 
potential  under  the  Influence  of  gravity.  Thtaa  typea  of  flow 
can  be  distinguished:  (a)  Iniergranuiar  permeation  ihrough 
tmeonsolideted  material*,  (b)  Joint,  bedding  plane,  and  frac- 
ture flow  In  various  rock  systems .  (c)  Solution  channel  flow 
through  enlarged  conduits  that  have  been  fbrnwd  by  dleeolutlon 
of  rock  tn  a  sedimentary  stratum. 

Permafrost  creates  an  impermeable  boundary  In  ground 
water  recharge  areas  by  preventing  infiltration.  Therefore.  In 
reglona  of  continuous  permafrost,  ground  water  infiltration  can 
only  occur  in  karst  rocks  where  solution  channel  Mow  is  pos- 
sible. Permafrost  adds  impermeable  boundaries  which  restrict 
and  confine  flow  In  sands  and  gravels  (where  permeation 
would  occur  under  temperate -zone  temperatures)  and  thus 
limits  the  available  area  for  flow.  Sunilarly  it  may  restrict 
ground  water  discharge  in  araaa  which  are  topographically 

discharge  areas . 

Permafrosl,  thrrcfnr.- ,  .iffccts  the  hydrology  ol  a  region. 
Its  effect  on  mfiltritio-  :r.ay  bo  scon  in  rogions  of  low  relief 
in  drir't-covered  parts  of  the  Mackenzie  District  ca5:  of  ;hc 
.VIctckuiiziu  Hiv«!  Dcit.3  wtit-ie  i-^recipitation  is  low  (e  to  10  in. 
per  year).   In  these  (let  n  yh^ns  many  lakes  were  formed  by 
melt  water  accumulating  Irotr.  the  active  zone  m  small  shallow 
and  Isolated  flow  systems.  The  only  discharge  Ircrr.  some 
lakes  Is  by  evaporation  tn  summor ,   Thus,  by  preventing  Infll- 
traticii.  (_.^-ini:!fiu3t  has  created  a  hydiologic  paradox  aa  lharw 
are  myriads  of  small  lakes  in  a  semiaiid  region. 


EVmOfCSS  OF  GROUND  WATER  FlOW 

Sprlaga  and  drilled  trella  provide  evidence  lor  ground  water 
flow.  Three  other  foma  of  evidence  are  apparent  in  ground 
water  discharge  areaa.  These  ei»  haae  flow  of  rtvera.  varia- 
tions In  the  chemical  composition  of  river  watera,  and  vage- 
iailoa  peculiar  to  an  area  as  a  consequence  of  ground  weler 
diachaige.  Resources  do  provide  evidence  of  winter  flow 
which  can,  tai  part,  be  attributed  to  ground  water  dlseharge. 

Table  1  auaunarlzes  baaln  discharge  data  on  t«n  Tuhon 
rivers  [3]  and  Table  II  records  recant  winter  flow  record*  on 
two  other  rivers  In  the  northern  Yukon  Territory. 

These  winter  discharge  measurements  provide  indication* 
of  ground  water  and  bank  storage  contribution  to  rivers  in 
regions  of  dtacenthiuoua  permafreat. 

Table  I.  Suoinary  of  river  dtsGhaige  data 


Area 

River        (sa  mil      Mean  Month' 

Minimum 
Month« 

Minimum* 
(p^r  sq  ml) 

Stewart     12  600          14  SOO 
P«Uv         19  700           12  SOO 

9S0 
1400 

0.07 
0.07 

^Dlacdiarge  meaitind  In  cubic  feet  pei 

r  aemnd 

Table  n .  Winter  flow  measuramenta 

River  Discnatqe* 

Date 

Porouplna  644 
(atOldCtewt  7oi 

Peel  B33 
(above  Canyon  Creek)  731 

858 

U  Feb  1962 
10  Apr  1962 
10  Feb  1962 
9  Apr  1962 
7  Feb  1963 

Cubic  feet  per  second 

Variation*  In  the  Chemical  Composition  of  River  Waters 

The  diasolved  mineral  content  of  a  river  that  is  constantly 
receiving  ground  water  varlea  with  tbe  total  flow,  Ihia  la 
becauae  of  the  diluting  effect  of  aurfaoe  runoff  watera  which 
hawB  a  low  dissolved  mineral  content.  DIaaolved  mbienl 
cenlent  and  discharge  are  thewiote  iaveriely  related.  Baa  C43 
reporta  a  otote  relation  betmaen  apeelf le  eenduetnnea  and 
total  dlaaolved  aoUda  In  water  aamplea;  conaaqoently, 
apeelfle  eonduetanea  la  a  good  Indloator  of  total  dlaaolved 
mineral  onuant.  the  meaaivemaat  of  conductance  and  dla- 
dMige  pravidaa  a  method  of  aeaeaahig  the  nletlon  between 
ground  water  flow  end  aurfaoe  runoff  hi  vaUeya  whore  ground 
water  la  effluent.  An  example  of  dila  la  the  Uaed  River  which 
rise*  In  an  area  of  dlaoosittaiuoua  paimafimat  tn  tbe  eoulhem 
Yukon  Territory.  A  plot  of  dleeharga  <y)  agahiat  apeelfie 
conductance  h)  la  ahown  on  togarlthmle  aeale  (Fig.  1) .  The 
data  are  obtained  bom  analyaea  made  by  Themae  P3*  RBai|»lea 
were  obtained  et  the  Uard  River  croaatng  on  the  Atarta  High- 
way. The  equation  of  dtaeharge  and  eonduetanea  la  found  by 
biBpectton  to  be 

logy  -  U.4  -Slogx 

where  the  general  form  of  the  etpiatioa  la 

log  y  =  K  -  a  log  x 

Thiii  grdjih  provides  ■>  irji'thod  of  rr.aklng  a  f-rel.m.nary  over-all 
cstinjir  of  ground  Wiitt-i  lontrlbutiun  to  a  river.    Thus,  if 
ground  waters  tn  the  region  have  a  conductance  ol  500  micro- 
mhos  at  discharge  to  the  river,  the  conirlbutioa  would  be 

2000  cu  ft  per  sec  (Fig.  1). 

Data  on  discharge  and  conductance  In  other  rlvara  brtlier 
north  are  not  yet  available. 
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SPECIFIC  CONDUCTANCE 
K»  lO*  AT  25'C 

ri«.  1.  Varuttoni  in  dlsoharg*  «ad  ipoelflo  oondHolsno*  of 
tta*  Llwd  Rlvtr  (19S2-S3)  st  Llwd  Mv*r  Creaiino,  B.  C. 


Vegetation  in  Areas  of  Ground  Water  Discharge 

Ground  wotvr  <)cquire*  a  htqh  dissolved  mineral  content  when 
Fo>  3  mc]  through  a  lonfl  fliow  syttMi  oT  whm  flowUig  duougb 

sulph.itc  rocks . 

Di  ji  harcj.  jt' js  of  highly  mineralized  ground  water  ore 
marked  by  a  white  encrustation  of  salts,  locally  referred  lo  as 
alkali  or  salt  flats.   This  'A-hiic  ■  ncrustatlor,  is  formed  by 
evaporation  of  mtnecaUzed  waters  which  have  the  same  cbom- 
loal  eompOBltidn  m  graiind  waters.  An  axampl*  of  this  etn  b* 


seen  In  the  region  around  Lac  la  Martre  (Mackensla  DlttTleO 
below  Cartridge  Mountains  and  the  Horn  Plateau. 

A  characteristic  flora  grc'ws  in  these  regions  of  up'Aard 
ground  water  leakage  where  the  highly  mineralized  waters  arid 
soil  prevent  the  growth  of  the  normal  regional  vegetation. 
Meyboom  [6J  described  the  flora  and  ground  water  flow 
system  associated  with  waters  of  varying  salinity  in 
Saskatchewan.  Similar  plant  associations  may  be  found  In  ttio 
salt  plains  in  the  Wood  Buffalo  Park  north  of  the  sixtieth  lati- 
tude and  also  In  small  localities  In  the  Takhini  valley  oi  tlM 
Yukon.   Raup  '7J  found  Sallcomla  europaea.  Puclnellla 
Nuttalllana.  Sueda  deoressa.  Plantaqo  ollganthoa.  and 
Spewularta  Saltna  growing  around  the  edge  of  barren  aalt 
ground  and  salt  springs .  He  deacrlbed  In  detail  thaa*  laao- 
clatlona  In  saline  meadows .  In  the  Takhlnl  Valley  near 
Champagne.  Day  (8J  found  saline  aoUa  and  nported  the 
presence  ol  gnllaatnla  apeclea  end  aelt  tolerant  grasses. 

Floral  eaaoeistlens  with  mliieraUsed  wbiot  provide  evt- 
deaee  of  «round  waiar  dtacharge  by  upward  iMkooe,  and  arnll 
aprlnga  or  aeepaqes  am  iound  wliera  they  aio  praaeat.  Studlea 
by  SWkm  [9]  of  bog  and  fanland  vagotation  aiay  pmvlda  lalbr- 
aatton  on  aanll  shallow  gmund  water  How  ayateais  lafaan 
•laMar  work  In  pemeftost  ta  reported. 

CONCLUflON 

In  peraiatoat  ragions  wtasce  population  ta  snail  Hwre  la 
Inevitably  a  leek  of  aubsurfaca  data  to  daltnaate  lha  antant 
of  pamafroat. 

lharefora,  other  field  aaUwda  of  aaaeasing  ground  water 
flow  have  to  be  adopted.  lalonBatlon  on  oiound  water  in  ihe 
Canadian  northwest  was  obtamsd  at  nany  settlements  aad 
fron  oil  borings,  nine  abafta.  and  field  obaorvatlons  of 
sprtaga .  Brandon  [10]  has  used  the  nethods  outlined  above 
to  obtain  non  Infomatlon  on  tha  extent  of  groind  water  flow 
wheae  pemafroat  la  present. 
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PROBLEMS  OF  ZONAL  RELATIONSHIPS  IN  THE  DEVELOPMENT  OF  PERAAAFROST 


I.  |.  miMtOV,  V.  A.  ObnioiMW  fmutbrnt  leiewdi  Inttttuls,  Moioow 


GoociyelioalMl  Milling  Ib  a  pMUeuUr  Mfltetien  of  0m  ovwall 
law  of  ■oaalioii  in  mtiual  phanDnwn  and  fonnatloiMi  whicfa 
dflpflBd  In  thalr  damlopnMDt  upon  aictafnal  (outar  apaot)  and 
intanial  (ovar-all  plaiwlani}  eauaaa  and  coodlUona. 

Sonal  phemMana  are  relatad  to  tba  oonb's  aivfaea  and 
nantla  whleh  la  Indiwncad  Iv  Intaml  oauwa  and  oondltlona< 
Thla  reaulta  In  a  owtlai^anafvy  Intametton  of  tha  aarth'a 
maUa:  Taaiptntun  flalda  baeona  paita  of  a  atavla  ttald  of 
tlM  aarth'a  MMto  afteetad  by  axtaniai.  planatafy  eauaaa  and 
eondltlona. 

Ciyeaanle  phanomana  davalop  tnm  ihoaa  paeullailtlaa  of 
planataiy  tiaat  atieiiaiiga  that  proowta  OMnnepliyileal  tea 
fomation  in  (ha  awth'a  eiyoaphare.  i.a. ,  tha  aena  whan 
■now,  lea  and  boaan  gieuad  are  tomad> 

Gaoetyeleale  aonlnB  dallnaa  paeuUai  laaturea  within  tha 
land  faeundaflaa  of  lha  eiyoiphara. 

DEVBLOPMBirr  MID  2I0M1NG  Gf  CmOGBNlC  raBNOMENA 

naaalng  of  aolla  and  ncfci.  thalr  caaiaiilation  by  lea.  and 
thalr  phyatochemlcal  and  oiachanloal  ehangaa  an  dataralnad 
by  two  prarequlaltaa:  <1)  lha  praaanoa  of  water,  CD  tiia 
poialMllty  of  Ita  aoUdfleatton  Into  lea  niated  to  a  fall  in  tha 
tanpantun  of  tha  loeka. 

Tha  fbUewlng  faeiera  datamlna  lha  aonlng  of  oyoganle 
phanonana « 

Tha  aarth's  sphorlcal  ihapa  pfadatanalnaa  aiaildional  vaila- 
ttena  in  aupply  and  oonauaptien  of  aolai  haat  acnii  Ita 
aorfaca.  Tha  ftrM  aMjor  Ihetor,  axtamal  MtelotteA,  ahapaa 
tha  tanpantun  flald  of  tta  aaith'a  nanda  and  datamlnaa  tha 
davaloimant  of  Uia  Mctdioaal  type  of  planataiy  haat  axehanga 
In  tha  atmoaphm.  lha  aaoond  imlor  imatnal  ooaponant 
factor  ahoplng  tba  tenpontura  field  of  the  aaith'a  attolla 
(primarily  tha  Utboaphara  and  ttie  hydrospham)  la  tha  aarth'a 
Intamal  tanastrial  haat  which  beooinaa  apparent  thmutlh  oon^ 
dtiction  and  convection  heat  trenifar.  External  Inflation 
halpi  redistribute  bast  acreas  the  aaith'a  awtooa  bat  does 
not  exclude  the  Influence  of  nonunlfbra  Inaolatien,  I.a. , 
major  differences  between  the  equatorial  belt  and  the  polar 
zones-  Tbe  rotation  of  the  earth  around  its  axis  creates  rela- 
tive latitudinal  homogeneity  in  Insolation,  which,  with 
variations,  results  in  latitudinal  thermodynamic  belta. 

Influenced  by  planetary  peculiarities,  two  types  of  cryo- 
genic phonomcna  form  with  daily  and  perennial  development 
cycles. 

The  hoteiogeneous  composition  of  the  earth'a  maittla  datar- 
aUnaa  tha  eacond  type  of  planetary  heat  exehenga.  tha  Intar- 
gaoapherlcal:  this  oompllcatas  the  influenea  of  tha  tnaddlonal 
fector,  and  tntaifaras  with  tha  effacta  of  tha  aar^'s  rotaUon. 

The  earth'a  elliptical  movement  on  Ita  axis  raaults  in 
another  important  complication  and  c»UBas  Ita  aaaaonal 
dynamics.   This  results  in  seasonal  cryogenic  phenomena,  a 
third  type. 

Vibrations  of  the  earth's  axis  (precessions)  probably  result 

in  r.XiU  /mother  long-period  change  in  the  temperature  of  the 
lithoaphuru ,  which  may  be  influenced  by  the  above  causes 
and  conditions.   Thus,  three  types  of  cryogenic  phenomena 
may  develop  within  the  thermodynamic  system  formed  by  the 
earth  and  Its  outer  medium— the  dally,  seasonal,  and  peren- 
nial phenomena.   The  daily  cycle  type  has  a  radiative  and 
advecti%'c  nature,  subi'.c  tn  weather  conditions  and  the 
earth's  rotation:  the  seasonal  phonomcna  are  o(  a  radiative 
nature  subject  to  the  elliptical  movement  of  the  earth  with 
an  inclined  axis.    Here  the  treczlng  and  thawing  cycle  raisges 
from  a  few  days  to  a  year;  perennial  phenomena  are  of  a  radia- 
tion nature  subject  to  the  earth's  spherical  shape   Their  cycle 
of  developnent  vanes  within  bread  limits— from  two  yaaia  tO 
dozens  and  even  hundreds  of  thousands  of  years- 

in 


bKaryearUes  which  eta  ad  inanaadlata  between  the 
aaaional  typaa  and  nnalaUo  perennial  typaa  fbrai  a  cryogenic 
tniMltloa. 

EHaeta  of  thaaa  eauaaa  and  condltioaa  porailt  davalopmant 
of  all  ofyoganle  fonaaUona  arlthln  land  bowndarlea.  Dlatrlbu- 
tlon  dapanda  OB  eaitaln  slobal  eondltloaa.  Thaaa  oondltlona 
an  aKlmaaly  eomplax  and  thair  affaeta  are  nonunltocm. 

AMEM.  MORraOLOGICM.  CTIttlCTUW  Of  TKB 

cRyoiiiNomiEn 

lha  aarth'a  etyollthoapban  la  divided  inta  Noithara  and 
aoutham  polar  raglona.  Oua  to  two  thamoanafgatlc  llauta, 
■aoaonal  and  perennial,  each  la  fiathar  divided  into  exterior 
aonaa  of  aaaaonally  fmaan  ground  and  tntaner  aenaa  of  paima- 
bost.  asnaa  and  reglona  are  Intateonnaetad  fay  eiyeganlc 
pbanonwaa.  preaaiva  wnatabia  aquUlbnuai.  and  htiva  apatial 
regionally  hataroganaoua  boundailaa  datenalnad  liy  dlfiareneaa 
of  haat  aMohange.  matailal  eonpoaltlon  and  laoqriiology  of  tha 
•Bith'a  lurtaee. 

Hm  Xoftham  region  la  eontldanUy  larger  than  it» 
SeuthaiBt  aa  the  iargaat  cenUnema  are  aubpolar  In  tha 
Necthatn  RaialaptMra;  ita  pactdlaittlaa  reveal  the  fomatton 
and  dlittlbutlon  of  all  ctyoganie  fmaatlena.  The  Morthem 
and  Southam  Polar  reQiona  of  civegenie  phenonena  differ  in 
ftat  the  eentnl  (polad  poutlon  in  tha  North  la  eocuptad  by 
ft*  AicCle  Ocean  and  ita  adlolnlng  sea  s  where  aaaaonal  and 
eld  lea  eoven  are  devalopad.  Ita  periphery  aahnoaa  eoatl- 
nents  that  tneraaaa  over-all  eoellag  and  are  dlatlntulahad  by 
dally,  seasonal  and  perennial  ftanxlng  of  aoll  and  lodca,  and 
In  placea«  fbreiatton  of  loa  oowen.  The  canter  of  the  aoutham 
region  le  oecuplad  by  a  oontlnaBt.  while  Ita  periphery  extenda 
mainly  across  oceans  (where  seasonal  and  old  ice  form)  and 
extends  across  small  sections  of  contlnanta,  where  cryogenic 
phaflomana  In  soils  and  n3cks  develop  only  within  UaUted 
araaa,  due  to  their  orography  and  location.  Peiaiainwt  la 
apcead  acnts  tha  Antaictlc  Coatinaat  and  ita  lalanda:  It  !■ 
found  in  tha  Andes  baoause  of  high  absolute  alUtudaa. 

Let  ua  conalder  the  peculiarities  of  cryogenic  phenomena 
«nthln  the  Polar  regions.  At  the  northern  region  is  of  greater 
interest  and  Its  gaociyological  sonlng  is  clearly  defined,  we 
shall  consider  Us  latitudinal  structure.  Complexity  resulting 
from  orographic  Interconnection  of  latitudinal  and  altitudlnal 
zonal  distribution  is  ehanctarlaad.  Frem  equator  to  Polea. 
the  following  BMrpbogonetlc  gaoayologlcal  aleuenta  oan  be 
traced: 

1 .  The  zone  of  irregular  radiauve  and  advactlva  cOOltng  of 

the  soil  surface  (subtropical  deserts): 

2.  The  subzone  of  sporadic  seasonal  soil  freezing  (with 
sections  of  dry  frozen  soils)  ,  or  the  first  transition 
gaoccyologlcal  subzone  (r>orrhern  part  of  the  subtropical  zone); 

3-  The  zone  of  regular  seasonal  freezing  of  the  soil  with 
islandi;  nf  fm?<5n  and  nontrozon  soils  (Temperate  Zone); 

4.  The  subzone  of  regular  seasonal  freezing  of  the  soil, 
6pcr-3d;r  -and  ^ocal  transition  (inter-yearly)  and  perennial 
freczir-T  of  rocks,  or  the  second  transition  gcocryo logical 
sijbzcr.e  (Tenptfrat-i"  Zone); 

5.  The  ,ir>-.i  oi  perennial  freezing  of  loc-kr.  with  .sl.^nds  ol 
seasonr. Uy -froze:,  sollr.  and  :ntf!r-y'-:,'.rll'T.  within  thi->  bouivl- 
arles  of  pemnnlal  lAlik  (tlie  Terapcratt: ,  s'^u-Arcfii-  rind  Arctic 
Zones) . 

This  skeletal  structur*?  reflects  only  the  sequence  of 
thermodynamic  changes  to  t-,.^  north  (Northern  Hemi  sFhore)  and 
reflects  the  spatial  interconnection  of  cryogenic  phenomena - 

Th<3  Euro-Asiatic  configuration  in  the  northern  region  of 
cryogenic  phenomena  depends  on  a  number  of  causes  and 
conditions,  arr.or/^  which  are  the  following:  Geographical 
locations,  areas  arKl  orographies  of  the  continents,  conditions 
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of  therrr.oaynamc  ir.toraction  within  the  " sea- land- sea" 
systeTi,  clirr.ote- 1rinuGr.c1r.v3  role  of  the  conuner.ts.  etc.  Each 
cnnriition  acts  ir,  the  iornalion  and  distribution  o'.  seasonally- 
frozen  anrf  perenrually- frozen  rocks.    T/us,  in  the  Qourvdarles 
of  the  USSR,  permaJrast  widens  to  the  east,  reaching  the 
maximum  wiath  «r.  the  continent's  interior,  etna  becomirvg 
somewhat  narrower  where  a  .id'olns  the  Pacilip  Ocear..  Thi.'; 
shape  is  determined  by  (1)  the  continental  i.-illijiTit-e  o!  itr. 
own  thermal  ptoi-i- 'lsi's  .  rcsiiictlng  diivertior.-;  o!  oir  (lifith 
cold  and  warm)  conursg  liom  the  sea  anc  rttu-c-'..r^y  Ihi!  th<-rntil 
regime  ol  the  adJo»nlr»g  seas;  and  (2)  the  orcaraj-hy  ot  Southern 
Siberia  and  Central  A.sia,  which  inllui-nctv;  the  w.:lth  .ind  leads 
to  the  lorma'.K'.^:  '-if  thn  fust  nut.  :  1 'iii'rco:iTi:.f:r.i3 1  nOLint.3in 
subr<?yiOr.  oi  permalrost  adjoininy  the  bo  sic  rcsjion  of  its 
distribution.    This  subregion  includes  the  Altai  and  Saya 
Mountain  systems  within  the  USSR  and  the  ncuntam  systems 
of  Mongolia  and  Northeast  China.    The  second  oijter  south- 
continental  mcuntain  subregion  of  perrr.afrost  embraces  the 
hi.jhlands  of  Midd.e,  Central,  and  Southern  Asia . 

All  mountain  regions  are  characterized  fay  specific  condi- 
tions of  formation  and  alstrlbulion  of  permafrost:  specific 
zonal  and  regiona:  condtiion&  also  characterize  e«ch  o(  them. 

In  the  permofro^t  -tzra  withui  the  U^flt  MVMll  pOCtteOI 
may  b<»  distir.gui  shfd .  west  to  east. 

In  the  first.  Ihr  ilurojican  North  of  ;hi-  US.SR.  the  perTnafrost 
occupies  o  r-arrriw  strip  widening  eastward  as  the  degree  of 
continer.tajity  increases.    Within  these  lirr..ts  pernafrfist  it 
Influenced  chiefly  tay  high  latitudes  .3nd  Arctic  conditions. 
Permafrost  does  not  leave  the  tundra  of  forest  tundra. 

The  second  portion  Is  Western  Siberia.    Here  permafrost 
widens  ea-itward,  oriented  latltudinally .     Frozen  masses  are 
traced  farther  south  than  in  the  first  sector  because  of  greater 
contmentallty  and  the  arctic's  cooling  effect.    Pemafrost  is 
spread  across  the  arctic  ar.d  southern  tundras,  (crest  tundras, 
and  the  subzone  of  northern  taiga. 

The  third  portion  Is  Central  Siberia.    Permafrost  extend* 
preLionur.at.tly  across  the  major  part  and  is  ad)oirved  by  the 
lira!  centrdl- continental  mountain  ;r..bregion  of  its  occurrence- 
Here  permafrost  extends  much  l.irther  ;:o._:h  than  in  WiLStetn 
Siberia,    in  the  north,  high  latitudes  combmeil  with  powerful 
continental  influences  regulate  this  progression.    The  In- 
fluence of  th.?  Atlantic  Ocean  in  the  Northwestern  Arctic  zone 
gradually  dirainshes.    The  area  includes  the  who.e  taiga 
zone  and  the  forest- steppe  subzone-    Higher  surface  altitudes 
and  topography  influence  the  formation  of  frozen  masses  here. 

The  fourth  portion  include.s  the  lowland  part  of  YaKutla  and 
the  rr.ounla..-.ou.i  trans- BalKal  area.    The  tcrmation  of  frozen 
ma-ises.  from  the  arctic  tuncra  -p  to  the  senidesert  subzone. 
IS  greatly  affected  by  contmentallty  and  high  .iltitude.'i  ol  the 
southern  terrain.    The  Arctic  zone  especially  influences  the 
nonhcrn  hall  of  this  area. 

The  fifth  portion  includes  the  highlands  ol  East  and  North- 
east Siberia  and  the  southern  Far  East.    Here  niounlain  and 
continental  Influences  restrict  the  effects  of  the  Arctic  regions 
and  the  Pacific  Ocean.    Due  to  the  dominance  of  the  continent 
and  of  mountainous  relief,  a  significant  altitudlna!  differentia- 
tion Is  traced  across  this  entire  arM  and  the  mountainous 
trans-Baikal  and  South  Siberian  regions  as  well.  The  Pa<;lflc 
Ocean  influences  the  narrow  coastal  section  wWcb  beoonM 
wider  In  the  aoutharn  Fax  East.  This  results  In  parma float 
wtthm  natural  zonaa  frata  th*  afetle  tundm  to  tb»  sOutiuKii 
taiga  inclusive. 

GEOCRyOLOGICAL  ZONES  AND  BELTS 

Latitudinal  gaociyoiogical  zonlnQ,  I.e. .  lautudinaJ  vatlationa 
of  pannfirost,  la  traced  in  strict  succession  deaptts  nuaeipua 
differences  In  regional  historic  natural  condltlona. 

Latitudinal  geocryological  coning  is  best  ahomi  In  lowUind 
plains  affected  by  oceanic  influancaa.  Alptna  eountrlas 
located  beyond  permafrost  zonea,  most  typically  exprais 
altltuda  bait  division.  The  interconnaoUon  of  altttudiml 
gaociyologlcal  bait  division  and  latitudinal  gaociyeleglM) 
soninv  is  baat  daacrlbad  in  the  Alplna  aaettona  of  tha 
parawfioat  sona* 


A  oeocryoloqical  zone  and  an  altltudlnal  belt  are  a  part  Of 
space  wiihm  which  a  complex  of  cryogenic  (onnauons  develop: 
rate  of  development  correr.ponds  pilmilly  tB  tiMmOIlhyaloal 
ndtural  c-ondition.i  from  wit.hln. 

The  n  f'  ■  jri';.xirtant  features  of  the  permafrost  subdivision 
Into  latitudinal  geocryological  zones  are,  (1)  distribution  of 
Irozen  rock  masses  (mode  ol  occurrence,  di  scontinuitie.s , 
thickness),  as  well  as  their  temperatures,  and  (2)  loririatlon 
peculiarities  of  frozen  masses,  their  cryogenic  structure, 
and  complexes  of  accompanying  cryogenic  formations.  Each 
is  charactenzed  by  inherent  features  which  enable  us  to 
delineate  the  permafrost  to  reveal  its  mterrial  integrity  and 
heterogeneity  resulting  from  the  above  mentioned  causes  and 
conditions  as  well  as  from  the  regional  peculianuas  of  reliefs 
geological  history,  composltian.  Mdc  IMiogany,  tiydragao- 
logical  conditions,  etc. 

The  altitude  geocryological  belt  division  expresses  itself 
in  consequent  chor^ges  01  gi!Ocryological  pftculiarltles-result- 
ing  Irom  the  region's  geographical  position  arid  abiiolute 
altitudes.    The  division  connected  with  the  raountair»us 
relief  is  duterm.med  by  vortical  changes  of  heat  exchange 
tx-tween  rocks  and  on  outer  medium  whosa  thermal  regime 
depends  somewhat  on  tlio  iMdMlylng  luiteoo  and  Itt  piBKinity 

to  free  atmosphere. 

The  altltudlnal  belt  division  is  expressed  reglor^ally  in 
highlands'  in  boundaries  of  low  plateaus,  (t  appears  In 
different  therm.al  regimes  of  interfluvcs  and  valleys. 

This  belt  depends  not  only  upon  the  altitude  and  location 
of  the  mountain  .ly-item  or  highland,  but  also  on  some 
peculiarities,  .such  «•  topography .  altltuda  variations , 
orientation  ol  the  DtouMiln  ■yMm.  ttS  WW.  daOfMOf 
isolation,  etc- 

lNI£HCONNECTION  BETWEEN  lAmUDINAi  ZONES  AND 

ALmUDDrAL  asLts 

Latitudinal  geocr/olocjical  zonation  and  altitudltvsl  belt  divi- 
sion reflect  the  nat'o,ral  spatial  (areal  and  altitudliMl)  relation 
ber<veen  t.he  development  of  permafrost  masses  and  aO00n|M~ 
nymg  cryogenic  formations,  and  the  thermodynamic 
interaction  of  upper  layafs  of  Hw  IMwapliora  with  tiw  outer 

TTiedlum . 

'A'hile  lotuudmal  zomng  !<!tlect.s  the  eccentricities  of 
thermal  interaction  of  the  iithosphere  with  the  environment 
iatitudinally ,  the  altltudlnal  belt  division  reflects  the 
dcpondonco  on  the  altitude,  latitude,  and  lonqltude  of  the 
area. 

Latitudinal  zonation  Is  best  defined  within  plains  affected 
by  warm  oceans  (the  western  section  of  p.3rm.2fn:i5t  m  the 
USSR) .   Within  Its  limits  river  valleys  arc  warmer  than  lntar> 
fluves.    This  phenomenon  reflects  altltudinal  differentiation  In 
heat  exchange  influencing  formation  of  frozen  masses. 

Geocryological  zones  widen  with  a  transition  to  higher 
orographic  benches,  noticeably  increasing  with  the  inclemency 
of  climatic  contmentallty.  while  their  boundanes  become  less 
definite  and  their  zonal  interpenetratlon  wider.   Then  valley 
floors  are  cooler  than  flat  interfluves,  I.e.  ,  in  contrast  to 
regions  under  oceanic  influences.   In  southern  and  western 
regions  of  the  permafrost  center,  the  .same  conditions  favor 
formation  of  frozen  rock  masses  within  valley  floors  and 
northern  slopes.    In  Individual  highland  regions  differentiated 
variations  between  valleys  and  watersheds  become  a  well 
defined  division  of  the  altltudlnal  geocryological  belt. 

This  region  contains  two  typai  Of  fiosan  took  fonoatlon: 
Valley  and  mountain:  the  latter  IS  lOglOnaUy  ntMotOd,  tshllo 
the  former  is  more  characteristic. 

Valley  floors  of  laiga  rtvara  exist  in  somewhat  diffarant 
nUcroelimatic.  hydrogeologtc  and  hydrologtc  regimes  hara. 
Benca.  they  are  exceptions  to  the  regularity  of  the  valleys  of 
medium  and  ameU  rlvora.  Significant  variations  affecting 
pamafroat  (onnatlon  ore  found  in  volleys  of  venous  regions 
bacause  of  heterogerkeous  conttnontal  cllaiatic  effects.  Whora 
aonttMntallty  and  cllmaUc  severity  an  relatively  limited, 
ovoioooltng  of  valley  Uaora  la  loaa  pioailnont  than  In  central, 
ioutham,  and  easlarn  reglona  of  this  aaaa. 
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Within  th*  tundn  and  (orest  tundn.  (l>e. .  tnnuenc«d  by 
Arctic  aMd  tnow-clad  valley  floors  cool  mora  slowly  than 
interfluvos  whora  the  winds  blow  iraoly,  bscouso  of  Isss 
prominent  contlnentaUty.  The  snow  cMver  ravaals  Its  second 
nature  here  by  pretectlng  the  rocks  from  beat  loss  in  the 
valleys;  It  delays  their  warming  during  the  first  half  of  the 
short  summer.   This  levels  the  rocks'  thermal  regime  In  water* 
sheds  and  valleys  but  does  noi  exclude  significant  variations. 
Within  high  plateaus  the  altitudir«l  microclimatic  belt  dif- 
ferentiation IS  reflected  In  comparatively  small  variations  in 
the  altitudes  of  valley  floors  and  the  surface  of  interfluvoa. 
and  appears  as  an  altliudinal  belt  only  in  highlands. 

This  division  exemplifies  mid-high  and,  especially,  alpine 
regions  that  occupy  a  greater  pan  of  the  p«rma(rost  w>ne  in 
Siberia.   It  appears  differentially,  depending  on altttudo  and 
geographical  position  of  the  highlands. 

The  altitudina!  geocr/nltxjical  belt  in  highlands  of  the 
permafrost  zone  differs  considerably  from  its  environment. 
Vanatior.s  occur  because  the  b-:lt  ;s  formed  nr  th-?  ho  sis  Of 
the  latitud;rji  zoning  typical  for  ihe?  specific  hiyhlanti.  Tor 
exaraple,  the  altitudinal  rjcocryolc-gical  boJt  divijUm  n! 
southern  Siberia  is  forinsd  against  ".ho  hack'jround  of  scasnr.a) 
soil  freezing  (Altai  Mountains.  Westerr.  SayarJ  .  the  zone  :>f 
deep  sc«.sor4«l  soli  freezing,  and  islands  o:  perriafnDst  (East 
-Jayan.  Kh.innr- D.^.lviiii :  in  th>'  trans-Baikal  area  and  in  the 
Scuthcrn  Tar  Ljst  it  contr.j '//1th  the  zone  of  maular  ana 
confi Tiucj s  d) stri biition  ol  pt-rn-.alcos:  m  the  S.fchote-AUn 
Rar>ge  and  ir.  Kanchat»;o.  with        •■.oririUy  fifi-zing  .'.oils  and 
permafrost  islards.    Within  the  l.ifler  (ir.tiTcrontir;ent.il  and 
northcrrj  parts  of  thi-  permofro^il  ri'.jiot.;;  a:i  altitude  belt  forms 
on  a  cr/clc-.-jicai  zone  characlcri zee:  by  completO  OOVOngO  Ol 
frozen  Joyors  in  vaiious  dt-grt-es  of  seventy. 

In  a  severe  continental  climate  where  a  high  barometric 
pressure  stabilizes  In  wtrter   .3  definite  air  temperature  in- 
version at  a  variable  height  15  0b5er\'cd.    As  a  rule  temperature 
stratification  ot  the  air  mass  io.lows  this  pattern:    The  lower 
topography  (plains  and  valleys)  ;s  fiU-i'd  with  cooled  heavy  air 
masses,  and  watersheds  and  slopes  up  to  the  height  of  the 
average  perennial  inversion  celllrvg  form  the  boundary.  Moun- 
tain ridges,  massifs,  and  Isolated  peaks  higher  than  the 
inversion  celling  are  influenced  by  the  relatively  free  atmOS* 
phere .  l,e.  .  under  a  weak  influence  from  the  underlying 
surface . 

Within  the  lower  layer,  pleasantly  cool  ground  conditions 
exist  in  plains,  valleys,  atvd  on  the  lower  slopes;  in  the 
Inversion  zone  an  almost  linear  relationship  exists  between 
the  gradual  drop  in  temperature  and  Increasing  height. 

Under  oceanic  influerx;os  the  air  temperature  drops  similarly 
with  height.   Moving  [K>rth  with  greater  local  height  and 
severe  climate,  the  induerKe  of  the  Inversion  zone  recedes 
and  In  some  places  changes  to  a  hlgh-altltude  belt;  that  !■> 
the  altitude  belt  begins  to  widen.  In  highlands  of  medium 
olevetlen  there  Is  a  two-level  eoMlDQ  system:  A  lower  layer. 
•  dividing  Invaralon  l«y«r.  and  on  vpfmr  oooUng  loyer  depend- 


ing on  the  thenaal  roglme  in  the  almost- free  atmosphere. 
Thus,  broad  geocryological  zones  are  linked  with  altitude 
belts  (non-iu)l(omly  at  soma  places  in  the  permalrosi  region) 
and  lead  to  different  affects  which  signlllcantly  change  the 
geocryological  situation  and  Intarrupt  general  aonallty.  Tha 
greatest  effect  of  the  altitude  belts  on  general  sonallty  Is 
seen  in  the  eastern  part  of  the  permafrost  region.  In  areas  of 
medium  elevation  and  In  highlands.'  here  the  broad  cryolOglCMl 
background  erases  the  zonality  so  greatly  that  its  features 
and  peculiarities  appear  only  where  plains  and  valleys  are 
w ,  lU-  e  no  ugh .  Ralativaly  amaU  dlatactton  of  topograpiiy  la 

ummportant  • 

Cor>ditions  of  permafrost  development  can  be  divided  into 
two  subregions;   Lowlands  characterized  by  broad  geocryologi- 
cal zones  and  STiiall-::r  hciyht;  arid  hi'jhl.i^nds    <-xp:iv;sed  by 
altitude  geocryo.oijical  belts  wh.ch  mask  the  broad  zones- 

EXTRAZONAUTY  OF  PnR}.1ArROST 

Permafrost  allies  w.th  natjjal  zones  by  the  type  ot  extrazorval 
.l'?vi-lof.mer;t,   it  belongs  to  not  cr.e  zone  but  many.  Natural 
zone?,  int-l'^de  the  breadth  ard  complexity  of  the  effects  of 
iMt.jf.il  history  which  ditlot  tjoc.iase  of  vegetation,  top  soils. 
y:o.ini-:  water    .ind  physical  geology  that  include  seveial 
rr/r>ltNjir,il  7-:>res.  etc.    CryogenCjM  rtnd  other  zonal  effects 
and  developmert  hove  a  general  extntnnl  ori'^jm,  UUlucnclng 
the  dlstribulior  f'.  hi-.nt  and  moisture;  her.ce    each  is  zonal. 

Since  perm.ilrO'it  diriinbutlon  requir<»-'.  w.det  thermodynamic 
C0ni:itii:n£  thar.  is  needei  tor  thmys,  e.y-  .  vegetation, 
wholly  or  partly  resticted  to  the  warm,  season,  permafrost  is 
dlstrib'^ted  temtcrially  in  rriany  natural  zero's. 

Permafrost  zorvaiuy  withm  t.ho  region  of  us  devoiopment  is 
partly  independent  of  natural  zonality,  as  its  character! stlca 
depend  somt?what  f>n  thf  Interaction  of  natural  pt^'tnenls. 

Extrozonality  .1;  m  liy-'mus  if>  both  natura.  zrHH-:.  (in  par- 
ticular arctic  desert.  tiin<ir,5  ami  lorPtt-tundi.i)  anti  zones  arsd 
5ub.*t>ne'*  where  it  devei'ij's  irt  f.^vl"^^^ble  r-'Tin  lition-i  (tniy.T. 
forest  steppe,  ar.d  semi-oeserl  steppe),    r^efmite  conrlit.nns 
are  (II  contir,er,tality  in  coniunction  with  severe  climate  ar.d 
(2)  high  surface  elevations.    Speci  iically  ,  these  determine  the 
aiaai  extent  of  the  permafrost  and  its  southern  limits.    In  thla 
case  zonal  and  regional  conditions  act  at  the  same  time  to 
determine  permafrost  conditions. 

Thus,  a  permafrost  sonallty  is  linked  not  only  to  the  gradual 
lowering  of  strata  temperature  toward  the  poles  which  is  the 
cause  of  Its  development,  but  also  to  favorable  regional  condi- 
tions (mountainous  areas  outside  subpolar  regions)  or  perslst- 
erw:e  (by  development  of  continontality  and  us  accompanying 
degree  of  severity,  increase  in  elevation  of  the  locality). 
Conurventallty  highly  influences  heat  and  water  transfer  but 
Is  weakly  expressed  In  the  European  part  of  the  Soviet  Union, 
somewhat  more  strongly  In  Western  Siberia,  and  more  so  eatt 
of  Yenesel  where  the  continental  influence  Is  stronger  than  that 
of  the  sea,  advacUon  of  moisture  and  maasaa  of  hot  air. 
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Recently,  special  a'.tention  has  been  given  to  those  modorn 
phenomena  of  iroat  rtction  which  nake  .t  possible  to  observe 
the  course  ol  Iroai  .ictlon  and  us  role  l.-j  the  development  of 
typical  relief  forxs. 

Clifeiul  study  of  maior  factors  acting  m  the  frost -action 
litiiaq-:-.!-iis.  .-.r.il  relief  makes  It  possible  to  worj;  out  a  ayMMl 
of  gen<?t.::  typt.-s  of  frost-actlcn  topography.    The  most 
inpvutdnt  incnphogenetlc  groups  are; 

I.    M.3cro5trucljr.3l .  jirerleternuned  tjy  frost  fissures. 

i.    .Micro3tr\jct-jr.i  I  .  u-j -.i,  .nc-J  by  ilt?3icci>tio:.  crack* 

and  subsequent  diffcrer.ttiil  frr^  zin^  <ind  thdwUiQ  within  the 
cracks  and  botwee.-.  them. 

3.   Astructural,  free  from  cracking. 

The  fit.st  ino!phoge.".etlc  group  Includes  large  polygons  (tc.-.s 
and  hundreds  of  .-nfters  across)  with  sell  and  Ice-wedgfts  .^nd 
peculiar  eroded  polygons  of  mo-.ir'.'.aln  terrace  type;  the  second 
group  Is  medallion-liko  mlcrorclii-!  inciudiny  stone  nets  -md 
like  forms  of  microrellef  (ranging  from  1  j  to  20  cm  to  1  tn  m 
across)  which  correspond  in  cross  secuon  to  ao  called  cryo- 
turbations;  the  third  group  Includes  frost  aMmlldai  SOllf bictlon , 
and  similar  forms  uncontrolled  by  cracking. 

Macrostructural  formations  rosjlt  from  action  of  a  cracking 
process,  that  is,  cracking  of  frosen  ground  of  ttctiva  layar  and 
permafrost  simultaneously,  or  of  only  tha  dMp  ftOMn  WlnMr 
layer  not  underlain  by  permafrost. 

IVaces  of  sueb  cracking  formed  within  froeen  ground  are 
preserved  by  summer  thawing.  These  traces  are  found  along 
the  cross  section  of  the  active  zonv  and  in  the  surface  relief 
in  the  form  of  cracks  which  are  formed  afterword,  tn  panw- 
frost,  tha  cracks  flUod  with  ico  or  ground  are  aven  omh* 
•vtdant  boeause  of  the  preserving  action  of  permafrost. 

Mlcrostnietiiral  formations  result  from  processes  of  eradc- 
Ing  that  Interact  and  successively  replace  each  other  In  the 
thawed  ground  when  It  desiccates  during  preliminary  autumn 
fraezing  and  subacquent  dtffanntlal  soaaonal  freezing -thawing 
proooaaes.  Thua«  mscroBtructural  formations  are  predeter- 
nlned  by  the  piooaM  ooeuirliia  RWtaly  wlthtn  the  frosen  ground 
(bodi  aetlv*  lone  and  penwftead,  whaieaa  mlerestnictural 
IbnuttoM  an  pwdammlaed  by  pneasMa  ooounlag  mainly 
wUhin  thawad  ground  la  ooabinatlon  with  th*  action  of  aoa- 
antal  fMnnlng  tfUM  la,  wMUn  tha  actlva  nana  only) .  In  oaMa 
of  ooMptotn  abaanea  of  daap  aaatad  paimafroat  that  cnnnat  ba 
acted  upon  by  fteet-endilngf  naeroamietwsl  fomationa  can 
be  ohaneterietlo  oi  dw  aetlve  sene  only.  Vnder  iheaa 
eixeuBitaneaa,  nnaeelruclunl  fonni  and  fissuma  (and  eoU 
wadgea  ftonnad  within  thaa)  uauaUy  panatrate  deeper  into  the 
locka  dun  do  dw  niaoatructural  toiHa.  Thua,  both  Ibma  of 
nejor  norphoganatle  groupo  taMoro-  and  ■haoatructunll  oflan 
eeexlat  within  the  notive  some,  even  la  complata  abaanca  of 
deep  leated  pemalioBt,  and  aiv  generally  located  at  dlftaont 
lavels. 

Huw,  dM  aoat  iavertnni  faetDr  In  tfaa  fbmatlon  of  float- 
aetkm  topography  in  Uu9a  axons  la  boat  flaauna  which  cnuae 
laiga  polygonal  fgnaa  to  build  up. 

Iheae  proceaaes  acting  only  In  the  active  aone  piny  a  vary 
teportaat  role  In  the  fomntlcn  of  svuebiral  mJcRirallnf .  A« 
stated,  both  praeeeees  often  eiclst  wldiin  the  sane  thickness 
of  ground  and  develop  siamltiaaeualy. 

Development  of  fiost^ellon  topography  depends  essenttally 
«a  Um  principal  trand  of  OMogettatlc  developaent  of  polar, 
•Iplae,  and  pariglaclal  arans}  tiiBt  Is,  it  depends  en  whether 
di*  area  undorgoas  aceuiHilnllOD  of  sadlnents,  or  erosion,  or 
whether  It  has  bean  toe  torn  the  abowa  awjor  processes  for  a 
long  period  of  tlna  and  ia  ralntlvoly  stable. 

Tbn  pitaclpal  trand  of  onogonotle  developnaat  of  the  ana 


IS  greatly  predetermined  by  tectonic  factors.   It  Is  a  well 
known  fact  that  cU.Tiatlc  corditlons  alone,  without  any  chjnge 
III  me  trend  of  tectonic  development,  can  cause  or  disrupt  the 
[leptjsiii  :n  of  aedinents«  tnlanel^  or  nsarty  stop  inienalvn 

erosion,  idir. 

Continu:;us  noaervatlon  shows  that  the  greatest  variations 
In  frost -action  iriorphology  are  predetermined  by  the  character 
of  the  area  (large  or  um.iill)  where  ihu  frost  action  prooeods. 
These  are  areas  of  (I)  stable  deposition  and  rcmovjl, 
(2)  predominant  accumulation,  and  (31  predoralnant  erosion. 

If  frost-action  forms  develop  when  sediment  accumulates, 
both  phenomena  occur  syngonetlcally .  If  there  is  drifting  of 
Biatarlal  or  erosion,  the  devalopnent  of  frost-action  (cms  is 
epigenetlc  with  raspeet  to  tha  substratum. 

roRt^s  or  rROST-AcnoN  TOFOGRAVBir  ni  reiarviily  raau 

SURFACES 

On  weakly  dlssaciad  plateaus,  plains,  flood-plain  larraoas, 
and  ancient  coastal  plAtna  with  ralstlvely  stable  surtaoss 
where  there  is  no  appraclabia  aocumulatkm  or  eioslca  ol 
material,  fnst-actlon  forms  davolep  in  the  uppermost  ndt 
fbnaattone  epigenetically. 

The  maenstructural  forms  of  frost -act ion  mllet  pnvalaot 
hera  era  connected  with  frost  cracking  of  frozen  aroBS. 

Meiphologlcal  features  of  such  relief  forms  are  multifari- 
ous t  and  their  variety  dapends  on  the  facial  oomposittam  of 
deposits,  their  molstura  eootent,  and  the  pneenoe  or  sbaenoe 
of  permafrost. 

In  permafrost,  a  network  of  epigenetlc  frost  fissuras  devel- 
ops within  which,  expeclally  under  a  continental  climate,  soil 
but  not  Ice -wedges  develop  on  relatively  stable  surfaces. 
Depending  on  climate  and  llthologic  conditions,  soil  wedges 
can  develop  within  the  active  layer  In  the  uppacmoat  layers  of 
pemafirest.  In  places,  the  wedges  era  composed  entirely  of 
Ice. 

If  sou  wedges  davnlop  wldifn  the  Hants  of  a  nlntlvely 

with  narrow  de'nraaatona .  which  contain  the  anil  tsedaee. 
rasults.  These  polygonal  blocks  ranch  a  width  of  tens  of 
mattrs,  wharaas  the  width  of  the  depnssed  aargtats  exiende 
to  several  meters ,  This  pattern  develops  in  various  soils 
such  as  loams,  sands,  and  even  gravels. 

In  eendltlcas  of  sufficient  nwlstwe  cmntant,  tha  edges  of 
tha  pdygeaal  blocfcs  ara  frest  weadwred.  Oeprasalana 
betwaaa  them  beeeise  wider;  thus,  dw  tepcgvsphy  ef  p^ygonal 
Mocks  graduaUy  becomes  die  teooaraB^  of  raduoed  blocks. 
CliaraetarlBtle  of  this  an  rounded  SMunds  frtaged  with  wide, 
flat  deprasslons  often  wider  than  the  mounds . 

The  pattern  of  polygonal  and  raduoed  Modes  Is  most  oom- 
mon  In  the  western  sector  of  polar  Eurasia.  Relies  of  this 
pattern  ara  also  found  Ui  the  pariglaclal  acne  of  the  enclant 
glacleUon  of  Europe. 

In  areas  free  from  peraufiost,  or  in  araaa  urtiera  It  u  deep 
eeated,  deep  beesing  of  eoUs  and  fuU  thawing  in  suauBsr  In 
frast  fissuras  fbrm  soil  wedges  only.  The  pattam  ftarsMd 
under  diaae  clfeunstaacaa  la  prlnelpally  die  same  aa  above. 
However,  because  of  dntaitng  action  cf  surfaoa  watar  (not 
obstructed  by  dw  scraen  of  permafrasO*  the  topography  is 
made  mora  complicated  by  undermining .  The  IntefUock 
deprasslons  become  especially  deep  whara  dM  wedges  later- 
aect.  The  block,  beoauae  of  the  action  of  water  erosion  on 
the  edges,  becomes  mora  gently  sloping,  as  a  rasult,  the 
topography  of  polygonal  blocks  graduaUy  turns  into  the  tonoo- 
ran^iv  of  fdftfo^  ^^l|y^f^ll^^■  This  pattam  Is  nmst  oosuion  to 
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the  Trans-Baikal  region  and  to  southeaataini  SUmcIb, 

Specific  polygonal  topography  dovolopa  on  frozen  peat  bnqt 
(In  daslccacinQ  lakes  and  bogs  with  permafroat  aubatraia}, 
Durln9  frost  cracking,  ice-wedgea  form  in  the  frost  flssuna, 
and  aplQaiMtlc  wedges  lorm  on  stat^le  surfaces.  Wbaiv  the 
Ica-wadges  begin  to  thaw  a  tor-ogrnphv  ot  flat  mciund-llto  peat 
bogs  forms .  This  pattern  is  especially  w:dcspr«;da  In  the 
tundra  zone  of  West  Siberia,  In  tbe  north  European  portion  oi 
the  USSK,  In  Chukotka,  and  In  other  regions. 

Frcst -action  topography  built  by  cracking  rarely  develops 
on  stable  surlaccs  composed  of  ancient  polygonal  wedge  ice. 
These  areas  arc  inert.   However,  c  r    iin-d-out  lake  bottoms  In 
areas  of  thermokarst,  secondary  |  t  lyyi  nal  topography  with 
eplqenetic  wedges  of  ice  mtons:.  :ly         Icps.  Usually, 
these  concave  polygons  are  relative  small— at  tiroes  only 
10  to  20  ID  wide. 

Most  completely  developed  and  widespread  uu  iiuJ-i^j  sur- 
faces are  mlcrostructural  forms,  such  as  stone  polygons, 
stone  rings,  spot  medallions,  etc.  These  forms  originate  In 
the  development  of  desiccation  cracks;  however,  the  formation 
of  large  rock  polygons  is  probably  caused  by  frost  fissures. 
These  forms  usually  develop  within  ground  composed  of  large 
rock  waste  mixed  with  line  soil.  The  processes  of  sorting  the 
material  caused  by  periodic  frewring  and  thawlr>g  determine 
the  characteristic  features  In  the  formation  of  those  patterns. 
All  these  forms  of  topography  are  most  evident  in  the  moun- 
tainous and  arctic  tundra,  on  the  surfaces  of  terraces  and 
plateaus  composed  of  dense  rocks. 

Astructural  forms  of  frost-action  topography,  (those  not 
predetermined  by  frost  cracking,  mostly  repr<:-sented  by  frost- 
heaving  mounds  formed  in  relatively  stable  areas),  often 
develop  wlihm  d-  ii  .  it.ng  and  freezing  lake  beds  and  flood 
plains.  As  disintegrated  forms,  tbey  ore  found  on  th«  mor« 
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ancient  terraces  of  river  valleys. 

Frost -heaving  mounds  owy  be  seasonal  or  perennial,  they 
are  formed  by  hydrostatic  and  hydrodynamlc  prassms  Which 
result  within  water  saturated  aUuvtal  and  lacustrine  depostta 
vntWfl  (h«y  freeze. 

Larva  frost  mounds  are  widespread  in  permafrost  areas. 
Mounds  containing  ice  cores  are  called  hvdrolaccolttha. 
bulgunyakhi  (Yakut),  or  pingos  (Eskimo). 

Extremely  large  pmgos,  reaching  40  m  and  more  In  height, 
exist  in  many  areas  of  North  Aaiai  central  Yakutia,  and 
Chukotka. 

FAOSI-ACTlON  TOPOG.^fiiY  IN  AREAS  OF  DEPOSITION 

In  arctic  and  subarctic  regions,  accumulation  of  material  on 
the  surface  of  certain  areas  (perloJ  ■ :  n^' ••■  Hooded  and  dried- 
out  flood  plains,  deltas,  juvenile  J  v.l  n,  is,  new-formlnfl 
coastal  valleys,  shallows,  shallov,  ;  ik  .  ;.    and  boga)  la 
syngenctlc  with  frost  action  morrh  ^i  riesis. 

During  rr:  s:  :r  )  K.nc;   i|  |..'rri  ilr      and  formation  of  Ice  and 
soli  wedges,  iwc  mam  lypts  at  polygonal  patterns  develop  On 
the  surface  . 

The  first  type  includes  well  defined  ridged  polygons  of 
rectangular  and  polygonal  form  (when  viewed  In  plan),  con- 
cave along  the  diameter.   This  testifies  to  the  growth  of  Ice- 
wedges.  These  polygons,  som.jtlmos  many  meters  wide, 
develop  on  the  surface  of  damp,  fine  grained  ground  underlain 
with  shallow-seated  permafrost.  In  the  r<?gions  of  severe  cli- 
mate with  little  snowfall.   This  topography  covers  vast  areas 
In  arctic  and  subarctic  lowlands. 

To  the  sc-cond  type  bel&nq  the  larae  oolyqonal.  ahqnilv 
hilly  patterns  formed  of  pcbbly-sand  all  jvlum  and  sand  depos- 
its m  river  valleys.  This  topography  Is  wldoipread  the 
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Pie*  1>  Schemauc  map  of  the  development  oi  iiost  acuon  geomorpiiology  in  the  USSR  (by  A.  I.  Popov 


KaytoFifl.  1 

a    Pc'.yqons  with  Lcc-wod-^e 3 

b    Polygons  with  icc-wedgoa  compiscatcd  by  therxokarst 
c    riat  mound  peat  bogs 

d    "Baldzharakhl"  -  (hUiocks  around  thennoXaral  lakes,  vestigial  polygont) 
e   "Alasses  "  -  (depress. ciiii  In  pennftiMt,  oftm  Btsoelaltd  With baldslurakhD 

f  Polygons  with  soil  w-jdgea 

g  Vu:st.c,'t/>i  i.'A-^qims  v/ith  .soU  tmdaM.  block*  nAOk  oavH  of  elayay  allt 

h  Hummocks  and  slnkholei 

j  "Gravo  mounds" 

k  Mountain  torracos 

I  Spot  medallions  (sorted  lin._-  rrr.tcred  rings  covered  With  pCM) 
m  Stone  nets,  circles,  .srid  such  forms  with  soirttng 

n  SoUfluctlon  stripes  on  slopes 

o  Stratified  soli  icings  ( "naledl") 

p  Sejsonjl  frost  mounds 

r  Ferci.nul  frost  moimds 

8  Pre  St  [Tciards  resulting  froiB  4tM  nlgntlon  of  wiMr  to  tho  fiMiing  (rant 

t  Combined  forms 

Roglana  of  AeeimuUtlng  MInaiiU 
1  WUb  •ynoanetie  fireeslngt  ForaatkMi  o(  pormaftost  and  lon-produoMl  flnmrlnfl 
3  With  unfroson  ground:  Only  Matonal  fitaasing  of  itibaoil 

Raglons  of  Comparatively  Stabilized  Deposition  and  Removal 

3  With  past  and  syngenetlc  freezing— development  of  permafrost,  and  ice-produced  fissurlng 

4  With  eplgenetlc  freezing  of  the  rocks  and  development  of  permafrost— a  variable  region 

5  With  aplganatic  fraesitkg  of  the  tocka  and  davalofinMnt  of  pnnaafroat— a  growing  roglon 

6  With  ttafronn  gravnd.  only  aMMaal  fraatbig  of  aubaoll 

EiQded  Regions 

7  With  eplgenetlc  freezlt>g  of  the  rocks  and  development  of  permafrost 

8  With  unfrozen  soli,  only  seasonal  freezing  of  subsoil 

9  Region,  wlthm  which  topographic  development  by  frost  action  Is  obsonc 
10  Glaciers 

II  Present  southern  limit  ol  permafrost 
12  Provincial  boiindartaa  fl,  H.  m.  IV, 


Aietle  and  in  East  Sibarla. 

bt  araaa  wtiaio  thai*  it  aitliar  daap  aaaiad  «r  no  laidailying 
panaallrott.  tlia  em^a  foim  ioil,  but  not  loa,  wadgaa.  la 
aioaa  witara  aynganatlc  alliMfal  and  flwvioglaelal  dapoalta 
aeeuaiulata  continually,  Bleieatnictural  fonaa  of  rallaf 
dawalQp  tmaiay. 

Aattuetural  fdnaa  of  lopiig»|iiiy,  nalnly  boat  aiounda, 
davalop  in  audi  anaa  on^  wMi  favorablo  local  hyftO'-goologlo 
oaadlUana,  altlwiigh  diera  la  no  avidanoo  of  ibe  giowih  of 
l^ngoa  In  araaa  of  aadlownt  aoouaulation .  In  aretio  nglona 
wbeie  tha  praoasaaa  of  otMk-polygonal  patlam  davalopoMnt 
on  dw  eoaatal  vaUaya,  flood  plaina  and  daltaa  ara  aeonmpa- 
nlad  by  Iharawitarat  piooaaaaa.  plngoa  dnvaioii  on  tba 
dasleeating  and  franan  aur&oaa  of  tha  botioaia  of  lako  baabta. 

raosMtcmw  TOPOoiMPBy  w  amm  of  erosion 

In  araaa  of  pradoninant  orasloa.  fitoat  action  oeenra  Mlaly  on 
alopaa  In  apland  ragiena .  Ihla  net  only  aecea^panlaa  aroaion 
but  alao  ia  aetlvo  in  pranoting  Ita  davalopaMnt, 

Pfaaztag,  thawing,  and  boat  cracking  of  nxdts  pramots 
fragaMniation  and  flew  of  ttatatial  Iraai  tlm  top  lo  Hia  foot  of 
tiw  alepo  wliara  tha  raeka  aceuauilata .  Tha  davalopamnt  of 
"lea  ttaaia'  alao  lialpa  tn  dialniagratian  of  alopa  MMrlal. 
Owina  gsowlh  of  lea  stems .  tho  loa  ralaas  aawU  fragataata 
■flid  Ibtis  faellitalaa  creeping  of  sell  down  Oia  alopa . 

Ftost  cradclng  Is  also  widaapraad  in  upland  nglona,  aapa- 
eially  on  gontia  slopes,  but  It  doaa  not  davalop  aMtaofonna 
diaraotarlatie  of  aieaa  of  aoeuandatad  naterlal  wlifa  relatively 
stable  aiKfocaa.  It  <Mly  pndatannlnes  the  origin  of  different 
accumulation  forms  of  relief. 

All  tlieae  processes  bring  about  the  formation  of  the  so 
called  upland  temee-Uka  ieniia  of  topography,  whlcb  very  in 
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iheir  geaeais,  shape,  and  amictuie. 

Indlvutual  giou^  of  small  leiracea  develop  on  tha  slopes 
of  Biountaina)  they  an  cnsesnt-  or  lobe-like  In  shape  ( la 
plan}  with  wall  defined  steps  aad  ptottooas,  usually  wlfb  flat, 
sloping  auffacaa  hearing  tnoes  of  aolifluctien. 

There  are  various  upland  lemoe-llke  fonaa  of  topography. 
They  Include  low-eoounulettem  sol Uluct tonal  tairaoas  (Croak 
O.S  10  10  sg  a)  with  steps  ranging  bom  soaie  oentloMtara  lo 
1 .2  at  hi  height.  Ihey  have  the  ahape  of  tongues  cr  lobes  ia 
plan.  Iheae  aaull  tarraoes  can  develop  bt  anas  beyond  per- 
mafiaat.  Vrtumil  ITf*^*  possess  weU  dafhied  steps  con- 
posed  of  ooaraa  todty  ■atarlala  and  larger  bendies; 
anIlBMflikMial  tarracea  an  ooawased  c<  attend  Material  braught 
down  tosi  upper  portions  of  the  elopes,  MIeraetiuebBal  forma 
an  tflda-spraad  on  the  slopes,  wbew  they  an  soawwhat 
elcngaiad  tai  ahape  conpand  tfllh  those  occutrtag  oa  stsbia 
and  liorlsontal  aurfacea. 

If  a  alopa  rMOMiUcated  with  sollflaeklonal  temoes  is 
subfeet  to  boat  action  fissuriag,  fiost  weatiieriag  begins 
along  dM  walls  of  tha  tiBSUfes  la  the  rocks.  Thea,  along 
theaa  wldeasd  lalMl  fissuna,  aoliHuettoaal  maspoctation 
of  Bialenal  ta  bitaaslfled,  aad  the  attlpes  of  soitad  ooane 
rode  waste  appear  as  racfcy  stripes  ca  the  slopes.  Thus, 
macroatruetml  foma  of  various  upland  tarraoes  en  gradually 
■aplaced  by  ailenkstnactoial  Stripe  focoM  oa  the  slopes.  The 
slope  loses  Us  terraced  fkatun  and  lauds  out. 

Tho  same  happens  to  spot  nedallloas,  stoae  rtags,  and 
polygons .  They  gradually  stnlcfa  along  the  slope,  aoquiriag 
to  aome  extent  aa  elongated  ^pe,  aad  very  often  trana- 
fonilng  into  stone  alrlpaa* 

Astruccural  fonna  et  tnooaranhv,  suob  as  frost  nounds, 
develop  otainly  at  tlw  feet  of  Om  slopes  near  ground  water 
dtsOhaige  wells  end  on  deslecetlng  aad  froaan  anaa  of  river 
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waltoya.  Hom  Hmv  ad|oln  flood  plalna  and  lake  baalna  In  tin 
now  tains. 

The  daserlpdon  of  this  formation  in  reUtioa  to  principal 
rallaf  davatopBtni  (in  tha  araaa  of  accumulaUan«  avMlen  and 
on  atabla  turteoas)  It  to  a  oartain  axtant  aelwMtle.  Howavar, 
ttM  abova  sehaaa  aiakaa  it  poaaibla  to  daiannlna  Iha  dbactlan 
of  tha  pnx»saaa  In  which  fhoaa  fonna  o(  froat  actUm  and 
lopograptqr  devalop  and  tha  charaetarlatic  teatuna  of  tliair 
merpheganaaia. 

Of  eoivaa.  on  tha  plalna  than  nay  be  Indlaad  aurfacaa 
where  aioaloo  and  eonaiponding  (raat-aeiloa  topography 
develop.  Slnllarly,  hi  upland  legkma  thara  nay  ha  ralatlvaly 
flat  aurfacaa  twhare  depoalta  accunulato.  bi  auch  looalltlaa 
di«  ooRwspondlng  firoat -action  topography  alao  devalop* . 

ConaMaiably  awra  nmiilicatad  aia  (be  iaaturaa  of  another 
caiagaay  a<  froat-actian  topography,  which  la  wldaapraad  la 
pamatoai  raglona.  It  davelopa  both  aa  a  raaiilt  of  dinata 
and  purely  looal  factora,  Thamokarat  doea  not  fall  Into  tha 
aeoapied  elaaalflcatlan.  1bai*fore«  ita  developnwnt  hi  both 
atabla  anas  and  areas  at  dapoaltlon  and  atosloa  are 
dlaouaaad  aeparataly. 

The  turn  tfaarialtarst  laeludea  both  die  ptooasa  of  fomatlon 
and  Itaa  type  of  tepegtepliy  fenned.  It  Inpllas  the  alunp  and 
fall  of  gieuad  becauae  of  thaiwiRg  of  undargreund  lee.  Ihemo- 
karai  owy  result  firon  ellnetis  end  geonetphelogleal  eattsas  aa 
well  as  fron  aiAlvlty  of  nan.  The  norpbology  of  thamokarat 
depends  upon  tha  dapth  of  tha  loa,  Ita  (hlclkiiaaa,  Ita  fans  and 
character  I  the  presence  or  absence  of  ground  vegetation,  and 
die  eonpoaltlen  ol  eneloitRg  and  overlying  roeka. 

Thuraiokarat  Is  axtranely  well  dafltied  on  ptolas  and  ooeurs 
nostiy  In  araaa  with  modem  or  ancient  loe-wedges.  The 
largest  fonns  of  thennokarst  are  lakes  and  dsprsssloaa  Which 
remain  aft«r  lakes  becoew  shallow,  A  typical  lake  la  aeverel 
kilometers  In  diameter  and,  depending  on  Its  development  and 
its  composition,  nvay  have  a  variety  of  plan  forma  ranging  fron 
lobe-like  with  a  winding  shoreline  to  circular  or  rectangular. 
The  depth  of  tha  lakes  usually  does  not  exceed  S  or  10  m. 
Large  thermokarst  lakes  and  often  their  drlsd-out  depressions, 
called  "iilasses'*  In  East  Siberia,  are  widespread  In  pentral 
Yakutia,  and  on  the  arctic  coast  of  East  Siberia.  The  oriented 
lakes  of  the  Arctic  continue  to  remain  a  mystery.  Evidently 
they  are  associated  with  thermokarst  of  present  raised-edge 
polygonal  topography;  however,  the  flow  of  water  in  these 
lav.i-ri  r:,iii  i«d  by  wlr.d  lacilltated  the  formation  of  their  coast 
linos  and  their  gradual  migration  In  one  direction,  which  Is 
Inferred  by  American  researchers.  The  ai>ove  types  of  thermo- 
karst are  found  in  stable  areas  and  In  areas  characteristic  of 
mjtiTi.ii  .iccumul  ii;on .   In  arctic  regions  of  ralsed-edge  poly- 
gonal topa^raf .'ly ,  l.nermokarst  Is  almost  certain  to  develop, 
and  both  processes  tsn-  cnr.r.rr-.rrj  by  the  general  cycle  of 
frost -action  (jcoinorprjoloqy  or,  '.ho  sirfjcc  of  arctic  lowlands. 

Large  I'orrns  of  thermokcirst  occur  also  In  areas  of  modcr:-. 
uplift.    V.Tien  [."je      tworx  of  rivers  ct^'.s  deep-er  Into  the  ground 
and  terraces  emerge  from  their  flood -plain  stage,  the  ralsed- 
edye  [xilygonal  f<?llef  on  Lhem  stoj-is  developing  and  becomes 
sut>ji-r  i  c;  thi^rrnoVi.irst  action.   Further,  the  rsvers,  by  under- 
cutting their  ujnks  contalnlf?g  Ice-wedges,  inti-risily  the 
ero;non  <■.(  ttiese  bariiis  and  facilitate  thaw.nc  of  or.closed  ICO. 

/.  variety  6t  lor.T;S  of  flMb?ldence  tcpoqrspny  exists: 
Funnels,  uavtfins,  ar.M  1 .  n- ; :  l- asloria  ,  and  "saucers."  Their 
features  charicturiic  elthor  the  .itage  through  which  the  thor- 
mokarst  is  passing  or  the  thickness,  dopth  of  locatlo.".,  and 
Character  of  underground  Ice  distribution,  which  Is  In  turn 
connected  with  Its  genesis.  These  forms  occur  wherever 
there  is  underground  loe .  They  represent  the  thennokarst 
forms  of  topography  proper,  and  ate  also  fbma  of  eenbinad 
origin . 

One  forn  of  coT.blncd  origin  is  the  peat  mound  that  results 
from  thermokarst  and  erosion  on  the  surface  of  the  polygons 
formed  on  frozen  lake  and  bog  deposits. 

Forms  of  shore  topography  shaped  by  the  action  of  erosion, 
abrasion,  and  thennokarst  represent  a  special  category.  They 
Include  vertical  Ice  precipices  on  the  banks  of  rivers  resulting 
from  exposure  of  loe-wedges  by  river  flow.  Such  precipices 
are  evident  neatly  in  the  north  of  East  Siberia,  and  on  the 
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arctic  coost  in  the  lower" lesches  of  the  lana,  Indlglrka.  and 
Kolyma  Rivers.  On  tha  sea  coast  of  the  Arctic  around  the 
NawMlblrsk  Islands  and  adjacent  areas  of  the  mainland,  there 
are  steep  (about  80  m  high)  precipices  composed  of  PlalstO'- 
oens  underground  Ice .  Joined  to  the  feet  ol  tbeae  preclploea 
are  flat  thermal  teitaeea  forned  by  the  conbtned  action  of 
theinckarat  and  abrasion. 

to  Bona  eaaea,  undermauBd  B«e«M«- 
form  within  thick  wedgaa  of  undatgroond  lea;  however,  tfiaae 
atnieturaa  do  net  belong  to  the  surface  fbrm. 

Ihua,  Oie  swat  cbaradarlstlc  nacroatnictoiwa  occur  in 
mlatiwa^  atabla  araaa,  wbste  tha  dbnata  la  saweie.  Thoy 
alnoat  atwaya  have  Inportant  cennon  featims,  muA  as 
weakly  def  hied  polygons  and  a  peculiar  nantla  9t  waattMrlng 
oooeoBltant  with  devatopiMnt  of  polygonal  ayatana,  Meatioal 
faaturaa  are  eonnon  to  naaoatnieturaa  in  araaa  terand  by 
dapoaltlon  action  of  eedlnanta  {tmlsad-edge  polygona  wldi 
andkMad  lea  wedgait ,  and  also  to  nawly-fbmed  owooairtie- 
tuMl  tapegiaphy.  Slaillar  •vldanea  Is  found  in  eroded  areas 
(gradttally  eroded  polygons  of  anunMbt  terrace  typ4 .  In  ftla 
reapeet,  nicroatruetunl  fomatlcoa  are  leaa  algnlfleant. 

Along  with  the  general  and  principal  likeness  of  anero- 
atmetival  forma  wltbln  Oe  liirse  arses  under  conaldsratlan 
(atabla,  with  pradoailnant  accumulation  of  saiartal,  and 
evoeloid,  thai*  exist  imetnal  norphological  dUtoreneea  which 
are  caused  by  the  specific  cllaiate  In  the  region  of  ihetr  ler- 
aiatioa,  but  varying  in  tlaie  and  specs,  to  the  dlsouaalon 
above,  attention  waa  cfiaa  eaUad  to  soma  peouUarlty  la  Ihe 
devalepnent  of  pertglAoloI  foms  conaactad  widi  a  apaoilte 
ellnale  to  the  region  at  pivaant  and  to  ancient  tinea. 

For  Kolocene  and  nodaia  fomatlona  of  continental  Kuraato 
wMcii  are  praeileaUy  tadlvlaiUa,  itbaeeaMs  possible  w 
aatabllsh  Cfer  stable  araaa  and  areas  fonMd  by  deposltioa  of 
aaiarlal)  only  areal  differences  caused  by  dlnato,  tha  history 
o(  their  davelopaMnt,  end  the  type  of  substratum.  Fonaa  of 
frost  I  action  topography  oommon  to  erosion  areas  have  been 
Studied  less  thoroughly:  therefore,  it  Is  sUll  Impossible  to 
establish  such  differences,  but  they  an  Included  In  aone 
provinces  conditionally. 

In  spite  of  the  present  lack  of  knowledge  on  the  problem  of 
the  development  of  Irost-actlon  topography,  it  is  possible  to 
establish  within  the  Sovlst  Union  the  foUmrtng  general  eraaa 
and  their  differences: 

I.    WfeNt«;rn  A:.;  tic  .ir.c.  ^uu -At  u'tii: .    This  consists  of  the 
zoni)  of  tundr.i  <-xifrujirig  IroBi  the  Kolskl  Peninsula  to  the 
Talmlr  Peninsula  i-.cluslve. 

Reduced  largo  pjolygons  are  characteristic  of  the  relatively 
stable  surfaces.   These  blocks  ■ire  overl.nn  with  loam  on  each 
lllhological  substratum  wnich  represents  a  spscial  type  of 
weatheriiic;  foriried  In  a  cild  and  humid  climate,  with  prolonged 
spring  thawing  of  sncw  {upf^'T  Pleistocene  and  Holocene) . 

ReduclKJ:,  ol  polygonal  systens  li  deter.T-ined  by  b-cth 
physical  and,  to  a  greater  extent,  biochemical  weathering, 
convbincd  with  the  eflOet  of  a  snow  cover.  tamfroat  la  a 

favorablf"  factor . 

Characteristic  of  areas  of  predoniriar. t  accumulation  ct 
sediments  (alluvial-flood  plains,  l-ake  bocs)  are  large  raised- 
edge  polygons  with  weak  syngenetic  ice -wedges  within  muck 
and  peat.   Thawing  of  the  ice-wedges  leads  to  formation  of 
SO  called  flat  mound  peat  t>ag3. 

Cold  but  not  severe  continental  climate,  as  well  as  a 
comparatively  thick  layer  of  snow,  causes  developraen:  of 
large  polygons  but  only  comparatively  slow  growth  r>!  ice- 
wedges.   A  relatively  short  ptmcd  of  jccurrruljtlor.  iiyngeni'tic 
with  frost-action  morphogenesis  (Holccene  only)  causes  the 
small  vertical  thickness  of  the  icc -wedges". 

n.  Southwestern  sub-Arctic.  This  consists  of  s  northern 
taiga  zone  extending  from  the  Kolskl  pentoSUla  to  Iha  central 
part  of  the  twiddle -Siberia  Plateau. 

Characteristic  of  the  relatively  stable  surfaces  are  the 
frost-heaving  of  wet  peat  bogs  (in  upper  Holooene  following 
the  stage  of  the  so-called  climatic  optlnun)  and  ifae  famatlcn 
of  con^'ex-mound  frozen  peat  bogs. 

In  spite  of  the  cold,  the  thick  cover  of  loose  snow  prevents 
frost  cracking  and  development  of  any  other  procMsses  of  frost 
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Oct  ion  bt--yjr.d  ihu  pd'.chus  'j(  peat.  In  areas  of  accumulation 
oi  sc-d'.mcT.ts  (river  valleys),  no  proceasas  of  morptioganesla 
caused  uy  frosi  Belkm  an  obMrvMl.  mlnly  bsoauw  of  dMp 

s.^ow  cover  . 

III.  Ljstern  Arctic  and  sub-Arctic.   This  Aiea  consists  of 
tundra  zone  extending  iron  Ansb.ir-Olcnek  Lowland  tr,  the 
Chukotkd  Fi'nirsu I.5 . 

The  absence  of  any  appreciable  frost-action  iiiorphogeneala> 
except  the  Intensive  development  of  thermoliarst ,  Is  charaC'" 
terlstlc  of  vast,  relatively  stable  surfaces  composed  of 
syngenettc  flood-plain  alluvium  and  thick  wedQe  lee  (middle 
and  upp«r  Pleistocene) .  Large  polygonal  blocks  are  charac- 
ttrliUe  of  the  other  substratum .  Because  some  mother  rocks 
dacempose  into  their  by-products,  these  blocks  have  a  mantle 
0(  UMatherlng .  They  are  less  evident  here  than  In  the  west 
because  of  weaker  chemical  weathering,  the  result  Of  the 
specific  character  of  the  climate. 

Characteristic  of  areas  of  modem  and  Holocene  accumula- 
tion of  material  (alluviAi-iiood  plains,  lake  bogs)  are  ralsed- 
•dge  polygons.  Theie  polygon!  ara  large,  but  not  as  large  as 
those  In  the  west.  They  hava  ayn^tnettc  ico -wedges 
enclosed  mainly  within  peat-muck  ndinants.  Thawing  o(  tiM 
ice -wedges  results  in  the  formation  of  ao-called 
"baUjxharakhl,"  and  when  the  ice  is  very  thick,  of  alassea. 

A  QOld  and  MVarc  continental  climate,  as  well  as  thin  and 
dtnM  snow  oovora,  halp  davalop  polygona  of  aaveral  ganarn- 
tlena,  both  laiya  and  mmU  (60  to  10  nO .  and  aid  tiu>  vlgaRma 
growth  of  Ica-wadgaa, 

IV.  Northaaatani  Siberia,  ma  M«a  oonslats  of  northern 
taiga  and  atountalaoua  taiga  sonaa  oxtanding  froa  dw  oeatral 
part  of  the  Mlddle-Slberlaa  Ptataau  and  lana^llul  lowland 
to  the  KoUma  Mountain  SyMaa,  Indtuiva. 

Characterlatle  of  dw  vatt,  relatively  atablo  aivfaoa  of  tha 
Lana^ilul  Lowland,  eootpoaad  of  aynganatle  aUtnritmi  and 
thieic  wadga  loa  imlddla  and  uppar  Plolatecan^,  aia  piooaaaaa 
of  dMnMttaiat  with  forautlen  of  alaaaaa.  At  plaoaa ,  laiga 
polygonal  blooka  aca  found  twltb  a  waakly  davalopad  nwntla  of 
woatharlng  aa  a  laaiilt  a<  tha  piodonlBanea  of  phyaleal  wraath- 
arlng  ovar  ehaaloBli  thla  pradoarinanoa  la  atlrlbutabia  to  Uttio 


snow  cover  and  comparatlvo  dtynaao  of  tho  aidiaflMly  aavaia 

co.ntir.ental  climate. 

Ralsed-edge  polygons  with  wedge  Ice  are  developed  In 
arerts  of  modern  and  Holocene  accumulation  of  material  (mainly 
rtll-vlrtl  In  river  valleys).   Such  local  rlevelcpment  .3  due  to 
the  considerable!  depth  of  thawing  which  occurs  In  the  above 
climatic  ccndi'lons.   Local  cvldcr.ce  of  frost -heaving  proc- 
esses (frost  mounds,  plngos)  Is  the  result  of  comparatively 
deep  thawing . 

V.  Eastern  Siberia  and  the  Tar  East.  This  Is  an  area  of 
taiga,  mounlaln-talga,  and  steppe  zone  extending  from  the 
southern  portion  of  the  Middle  Siberian  Plateau  to  the  east 
up  to  the  Far  East. 

Characteristic  of  the  relatively  stable  surfaces  (plateau, 
vast  Inter-mountaln  depressions,  and  valleys)  Is  the  develop- 
ment of  polygon-trench  topography.  This  Is  caused  by  under- 
mining. Weakly  developed  soil  wedges  result  from  deep 
freezing  .  frost  cracking ,  and  deep  thawing  -(with  absent  or 
deep  »o.t:t:ii  [-ermafrost) ,  under  an  axtiamaly  severe ,  dry 
climate  with  hot  summers  and  almost  no  winter  snowfall. 

In  areas  of  sediment  accumulation,  the  frost -action 
norphogeneals  is  limited  as  a  result  of  deep  thawing.  (Occurs 
lonoa  of  soli  wedges  {bmed  within  the  active  layer  and 
ayitganetlc  sedimentation  both  areiposalbla.)  Due  aialnly 
10  the  above  climatic  condttiona,  haaving  awunda  and  plagoa 
ara  widely  but  locally  spread. 

It  follows  that  the  classification  of  frosan  ground  forms 
presented  and  thalr  provincial  dlatributlon  la  tha  laglona  of 
northern  Euraala  la  at  pteaent  of  a  general  natara  that  cmild 
be  one  of  the  rational  aMihoda  for  atudytng  ptooaaaaa  la 
aolvlng  future  proUoaia  and  thoaa  of  tha  paper— for  enaaipto, 
tha  tola  of  daalceailea  procaaaaa  of  toll  and  Ita  froat 
tlaaurlng  la  dw  fonnatlaa  of  typoa  of  firomn  ground 
anrpholegy;  and  tte  pnblaa  of  poat-PUooana  foaaU  tracoa 
of  float  aetloti. 

Iho  autheta  oonaldar  diat  the  paper  pmaenta  a  a«w  aapaet 
of  atodyr  vary  Inpenant  and  alnoat  untraaiad<  iba  probl— 1  «t 
tha  fola  of  Mm  aoat  raeant  and  oentanpctary  laeleale  activity 
tai  tha  oardk'a  oruat  00  dM  davalopoMht  of  tioat  gaoawcjlioiogy. 
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p.  I.  MELNIKOV 

Wban  oofnpiUng  painBtoat  aiapa  it  la  anat  taipeiilani  to  alww 
raglena  of  folded  aiountalna  wtamo  great  Influanoa  baa  bean 
arnctad  by  taotomoa.  foek  oo«poaltloa»  and  invaraloo.  la 
awat  eaaaa.  tha  thfeknaaa  of  teaan  gioaad  en  hMblaada  la  two 
or  awio  tlaiaa  greater  than  Ui  vall«ra<  VMoaa  tMoknaaaaa  of 
Ikoaen  giowid  ahown  on  the  n»p  will  eenaapend  to  poaka  or 
valleya.  When  aolvlng  ptactloal  proUema  It  la  neoaaaaiy  to 
know  the  thlefcnasa  of  the  ItoMn  gtomd  en  hfoManda  and  ta 
vallaya.  Iho  leaaar  thidinaaa  of  fkeaan  ffoand  la  vaJloya 
uauaUy  ia  aaaoelated  with  tfao  lafliiaBea  of  undaigieuind  water 
and  tta  nHnlfaatatlona  at  tha  autiaeo.  Thla  watac  oaa  bo  uaad 
aa  a  water  aupply. 

Iho  paaaanoa  of  andaagienad  water  and  aoaia  idea  of  tha 

amllahle  water  leaoureee  are  Indicated  by  lee  eaoniatationa 

CnaladD .  whoae  eraa  oaa  attala  aavaial  tana  of  aguara  kllo- 


awlan.  It  thavafen  la  vary  laipoitant  tliat  awpa  of  Ibldad 
nountaln  regions  show  perat stent  lea  encnistatio&a. 

In  platioim  aiaaa  the  thlekneaeaa  an  bettor  walnialnad 
and  thay  usually  aat  laivar  ttan  la  toMod  aMUBtata  lagloaa. 
Vndaiground  watar  ia  aooh  avaaa  la  deep  allad.  lathaaeaiaaa 
tbaro  am  daaply  borlad  attaalan  baalna.  Condltloaa  Ibr  tta 
teatatloA  of  underground  water  (the  faedlag  of  water  beating 
hortaena  and  the  diieharga  of  undaqpeaad  watad  ftar  Aeae 
raglena  aro  vary  complex.  Bxploiatlen  of  uadaigiowid  water 
baa  ravoalad  tfao  ymaaoea  of  grant  ttddcnaaaaa  of  firosan 
gioand.  Ibo  da^  at  which  the  underground  watar  la  altuatad 
la  cleaaly  aaeoclatad  with  tha  thickness  of  frosaagieuad. 
Yheratora.  In  ttm  caae  of  platform  regions,  it  la  aeooaaaiy  to 
detect  anamaloua  ragloaa  with  adalaial  tbiekaaaa  of  ftoaan 
ground  and  ahow  Hm  «i  the  nap.  Thaaa  laglona  aia  of 
Intereat  for  obtaining  trndetgiound  water. 


Its 
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SESSION  IV 

PHASE  EQUILIBRIA  AND  TRANSITIONS 


SATURATION,  PHASE  COMVOSITION,  AND  FREEZING-POINT  DMESSION 
IN  A  RIGID  SOIL  MODEL 

G.  R.  LANGE  and  H.  L.  McXIM.  U.S.  Amy  Cold  Jteglon*  Raaearch  and  EnglMenng  Laboratory  (CRREU 


The  (act  that  the  phase  composition  o(  the  soil  water  is  im- 
portant In  controlling  the  physical  behavior  of  frozen  soils  is 
beginning  to  gain  its  deservad  attention.   It  is  well  estab- 
llihed  that  load- bearing  capacity  and  energy  required  tor 
freezing  and  thawing  depend  on  initial  temperature  of  the 
■oil  [I-4J.  These  and  other  physical  properties  are  tempera- 
ture dependent  chiefly  bocauso  the  omount  of  unfrozen  water 
la  alio.  In  part,  temperature  dependent.    Some  exploratory 
WCPiflnents  with  natural  soils  have  Indicated  that  phase 
CMapOalUon  of  soil  water  also  depeivds  strongly  on  the  degree 
Oi  aaturatlon.  This  is  a  prellinlnary  report  of  the  results  of 
■OHM  experiments  with  an  IdeallMd  Mil  model .   The  experi- 
ments Illustrate  the  separate  ami  eonUaed  effects  of  both 
temperature  and  saturation  On  phase  composition  of  soil  wratar. 

It  has  been  shown  that  cores  ot  frozen  rocks  and  soils  esn 
be  taken  from  any  depth  below  the  surface  and  shipped  to  a 
refrigerated  iaboM'.:  iy  s  ith  very  Uttla  thermal  dlsturbanca  Cs]. 
Thermistor  cables  and  bndge  cireulta  are  available  that  gtv* 
accurate  maaauruiant  o(  lh«  temperature  of  the  rock  or  mil 
liom  «rlUch  tha  com  was  takm  [c3 .  Sinoa  virtually  undia* 
tufbad  sanplas  ean  mar  ba  axMilMd  in  tha  laboratory,  tba 
BMil  atap  toward  a  mora  complete  undaraundlnB  of  parmairott 
is  a  qiiMilltatlve  description  of  the  saapla  empOMntt. 

For  an  undarsaturated  soli ,  these  componanta  an  tour  In 
number:   Mineral  grains.  Ice,  air,  and  liquid  watar.  If  tha 
aoll  Is  fully  aatutatad,  air  is  eliminated.  Meaauranent  of 
the  amount  of  thaaa  components  In  the  sample  presents  no 
special  dlfficultias  axcept  for  differentiation  between  U^d 
and  solid  phases  of  the  water.  A  dllatometer  mey  be  used  or 
tiila  Biay  be  accomplished  by  oaloflmetry ,  using  either  tha 
■alfaod of  mixtures  il]  oranadlahauc  calorimeter  C4]. 
Is  raaaon  to  believe  that  measurement  of  the  dlalectrlc  < 
slant  and  tha  ac  resistivity  can  eventually  ba  used  to  detar- 
Bilna  phaaa  composition  of  the  watar.  ElactiloBl  mathoda  ara 
aapeclally  good  bacauaa  of  thalr  apparant  aanalUvlty:  how- 
ever, tha  praaant  ladle  of  an  adaquata  thaoiy  ot  oomplax 
aOxtuiaa  ot  dlatacMci  haa  dlaooungad  lhair  uaa. 

Whlla  tonpamtun  aiiaet  on  tha  aaount  of  unirotan  watar 
haa  oflan  baan  laponad,  invaaUaalm  ganamlly  w«fca4  «Mth 
natural  aolla.  which  in  our  axparlanea,  ylaM  data  with  eoo> 
r  chiaity  baeauaa  of  dUOculty  ot  raawldln0 
I  to  unltorm  daaalty,  faaih  fien  aaiipla  to  aaai^lo  and 
t «  amgl*  aanvla.  nnaffaetotdagtaa  of  aaturatlon 
and  of  pora  also  hav*  net  pnavlOHaly  haan  thMOUtfily  aiiaadnad. 
Uaa  of  •  rigid  panneahle  nwdlm  auch  aa  unglaaad  percalala, 
aa  «  nodal  of  natural  iolli,  allialnatas  tha  mohtaai  deiulty 
This  allows  tha  varlabla  of  pora  slsa  to  ba  bald 
t  white  liwastlgatlag  attaota  of  vaitotlons  In  aaturatlOB 
sinoa  thasa  two  ranslnlng  wlabtes  ar« 
aaslly  and  aeeuntaly  adjusted  at  wiu. 

eCPSHMBNISia  PROCCDUIB 


I  ooroposition  of  the  watar  in  tha  unglasad  porcelain  was 
liurad  by  the  method  of  mixtures.  Adaptation  of  this  aiatb- 
Od  to  frosen  soils  Is  described  by  Lovell  1 1 J .  Hla  SMlhad  was 
used  with  the  following  modlUcations:  (a)  Temparaturaa  warn 
ncordod  continuously  using  thamoceuples  and  a  millivolt 
recorder .   IhJ  Change  in  temperature  Of  tha  mlxtun  after  intro- 
duction of  the  frosen  sample  was  corractad  for  hast  9alna  na- 
aulUng  from  caJoriaiaiilc  Uwfficlanclas.  aooonilng  to  a  awlhad 


described  by  King  and  Grovor  .  7  J .    Thl5  correction  nethod 
consistently  gave  correct  values  for  the  heat  of  fusion  of  pure 
Ice  to  il .  0%.    Calonmetnc  Inefficiency  was  further  reduced  by 
filling  the  air  space  between  calorimeter  cup  and  Dewar  flask 
with  Styrofoam  and  insulating  the  entire  calorimeter  from  the 
room  temperature  with  a  thick  layer  of  Styrofoam. 

The  following  equation,  which  is  usually  applied  to  the 
method  of  mlxturas,  was  aolvad  for  x  at  adjusted  levels  of 
saturation  and  tampontura. 


At 


X  C    At  I  xH,,  ♦  xC     M    '  y  C 

pl     1       fl  pw     w         pscw  sew 

(W     C      At  ♦  W       C  .,  At)  -  (W   C     At  ) 
cw   pw  CCS    pAl  P    PP  P 


yC     At  ■ 
pw  w 


X  «  wt  of  lea  (rf 

y  =  wt  of  unfrozen  water  (g) 

X*  y  =  wt  of  original  total  water  substance 

n/bt  *yl  '  percentage  fiesen 

■  specific  heat  of  ice  (at  "S.O'C. 
0.496  cal/g'CJ  [9i 

>  tamperatwe  change  of  loe  (*0  (observed 

val'jp) 


I 

"fi 

At„ 


pscw 


At, 


=  heat  of  fusion  of  ice  (79. 71  cal/g)  [93 
>  specific  heat  of  water  U.M  eBl/«*C}  W 

«  temperature  change  Of  calorimeter  weter  CCi 

(observed  value) 

=  specific  heat  supereooled  water 

(1.01  calVO  [9] 

=  temperature  change  of  supercooled  water 
(observed  valtMi 

W  =  wt  Of  calorimeter  water  (g)  (observed  value) 

cw 

At  ■  temperature  change  of  calorimeter  water  CO 

(observed  valud 

W  . .         ■  wt  of  calorimeter  cup  and  stirrer  (Al) ,  (g) 

•  apaclflc  heat  of  Al  (0. 22  cal/g°  O  (a 
oonalant  of  the  apparatus 

W  a  wt  of  dry  porcelain  model  (g) 

P 

"  apaolfie  heat  dry  porcelain  (0.169  €01/9°  C) 
(observed  mean  of  7  datanalnBtlond 

At  =  temperature  change  of  poroolaln  (*€} 

(observed  value). 

Close  control  of  the  freezing  temperatura  was  achieved  by 
(ue  of  a  Styrofoam  box  inside  a  chest*type  home  freeze.  The 
freezer  temperature  was  set  at  approxlstalely  -17°C  and  was 
constant  to  within  t2.0°c.  Temperatura  inside  the  Styrofoam 
box  was  controlled  by  a  thermostatic  Biarcery  switch,  a  ssiall 
electric  heatirtg  element,  and  a  fan.  Temperature  was 
controlled  to  within  *0. 1'C. 

The  freezing-point  depression  for  various  saturation  levels 
was  Bteasured  by  preparing  samples  at  desired  saturations  In 
the  aianner  described  below.  A  thetmooouple  was  Inserted  in 
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a  small  hole  drilled  in  the  ;jorcr:.3in  block,  and  the  saxple 
and  thermocouple  were  ploccrl  ir.  ihr  constant  tcmporjl^rc 
cabinet.    The  freezing- poir.t  rtrprcsslon  data  reported  were 
taken  at  a  cabinet  temperature  of        8'  C  to  provide  a 
constant  cooling  rate.   (Effect  of  coolin'7  rate  on  free2^^^'J- point 
depression  w,3E  negligible.)  Time  versus  te.Tiperati.re  cup.'es 
were  obtained  on  the  millivolt  recorder  chart.    The  highest 
tenperature  reached  after  r.ucjeation  wa.';  used  as  the  v.ilue  of 
the  freezing- poirit  depression.   F19.  I  Is  a  plot  of  the  data  from 
a  typical  freezing- point  depression  lun.    Unilormlty  of  proce- 
dure was  rigidly  maintniried.    On^y  doubly  distilled  water 
(resistivity  «•  2.0  megohrr.  cm)  wa.i  used:  nucleaijo.'-i  was 
carefully  avoided  during  cooling  in  both  calorlmetrlc  work  and 
tcMilng<'potM  dspnssleii  dManainatioM. 

StMPlS  VKBMMSSm  MID  DUCMPTION 

An  uriglazed  porcelain  slab  of  the  type  nadc  for  xlncr.3  logical 
streak  plates  was  used.    To  determine  whether  pore- space 
structure  would  be  destroyed  by  repeated  freezing  and  thawing, 
a  small  piece  of  the  slab  was  subjected  to  20  freeze-thaw 
cycles  at  a  constant  freezirtg  temperature:  the  coefficient  o( 
original  water  saturation  was  adjusted  to  0.92  (which  results 
in  an  Ice  saturation  o(  1.0)  before  the  beglnnlrtg  of  each  freez- 
ing cycle.  The  amount  of  unfrozen  water  was  measured  after 
S,  10,  IS,  and  20  freezing  cycles.  Since  the  amount  of  un- 
(tOMn  water  did  not  vary  mor<>  than  the  estimated  experiiaMilal 
•nor  (appfoxlmatoly  i2.  0%) .  It  Is  concluded  that  the  poir* 
•tnictura  and  size  did  not  change  during  the  fraeM-thaw 
cycles.  This  also  s«rvad  aa  a  maaiira  of  tha  lapiodiiQllitllty 
o(  tha  oalonnietry. 

T6 obtain  an  avan  distribution  of  water  in  pore  spaces, 
samples  wera  prapaxad  by  thorough  saturation  and  slow  dryliig 
to  the  desired  aatmtlOd  level.  Samples  were  wrapped  In 
aluminum  foil  to  anam  •  closed  system.   They  were  then 
immediately  Introduead  Into  the  constant  temperature  box  and 
remained  there  for  a  period  of  19  to  20  hours  prior  to  the  calo- 
rlmetry.    Six  of  the  data  reported  below  were  taken  aflar 
Iceeaing  from  SO  to  6S  hours,  and  they  showed  that  no  neas- 
uraaUa  amount  of  additional  water  froze  after  the  first  few 
hoiirg.  Urn  •maU  slabs  of  porcelain  uaad  in  tha  aKpactnants 
wflf*  eat  to  atmltof  dlmonslens  (TaMo  0. 

Tatda  t.  Dlaianalona  and  piepaitiaa  of  porealaln  aamploa 
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Void. 

Grain 

Sample 

Wt 

Vol. 

Density 

Vol. 

Density 

No. 

(9) 

(cm3) 

(g/cm^ 

(cm3) 

Porosity 

(g/cm^ 

2 

34.81 

19.34 

1.80 

7.48 

0.387 

2.94 

a 

3S.2S 

19.44 

7.43 

0.362 

2.94 

At  the  outset,  distribution  of  per-;  sizes  had  to  be  datai* 
mined  in  order  to  relate  the  data  to  natural  soils.  An 
exarr^lnatlon  of  a  thin  section  by  an  optical  microscope  at 
SOO.X  failed  to  reveal  di-.tir.ct  grains  or  pore  space.s.  This 
Indicate-'.         ytiiir  nr.  J  pore  diameters  were  less  than 

l.Ou.  An  Inquiry  to  the  manulacturer  (Coors  Porcelain  Co. , 
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Golden,  Colo.)  t«v«ai«d  that  th*  poi*  spaces  were  close  to. 
but  less  than,  O.Sfi  In  dlanatar  as  measured  by  the  bubblinB 
pressure  method.  The  nanufactiuw  also  felt  that  the  poc* 
•iMs  wmn  quite  untione. 

nmvn  and  ducusson 

Figs-  2.  3,  and  4  show  the  percentage  of  original  water  that 
changed  to  ice  (or  various  saturation  coefflcents,  at  constant 
temperatures  of -4.  0°  .  -S.O".  and-7.5°C,  respectively. 
Smoothed  curves  .were  drawn  by  eye.  As  these  data  were 
celleoted.  it  becam  dear  that  fraazing  oootnrad  abruptly 
at  a  single,  reproduelbla  saturation  level  for  each  temperature. 
A  number  of  determinatleas  twata  run  at  blah  levels  of  satura- 
tion and  at  temperatures  of  -3. 2*  and  -3.S"C  aitd  at  lower 
levels  of  saturation  at  a  temperatuta  of  'fi.O'c  in  order  to 
mora  completely  define  the  saturation  levels  aitd  temperatures 
required  for  freezing. 

The  effect  of  variations  of  both  degree  of  saturation  and 
tanpatature  on  the  percentage  of  total  water  frozen  Is  shown 
In  Tig.  S.  In  this  three-dimensional  plot,  the  ooefflclent  Of 
saturation  versus  temperature  was  plotted  as  the  horizontal 
grid  and  the  percentage  of  original  water  frozen  was  plotted  as 
elevation.   Contours  of  equal  percentage  of  original  water 
frozen  were  then  drawn  at  10%  Intervals.   The  smoothed  curves 


«f  nga.  a.  $,  and  4  wan  alao  wed  In  oontMtlng.  MI  of  the 
IMMiils  whaw  data  warn  taken  ota  alioiim  as  mall  eioaaaa. 

If  Htm  eo*fflelaat  of  oflslnal  walar  aatuatloa  aweaada  0. 9Z 
Uamttf  «f  lea)*  tha  dagraa  of  lea  aatintian  aftar  ftaaalng 
would amaad  l.d;  i.e. ,  toa  twMild  foim  eutifda  Ola  pova* 
apaoa  boundarias  of  the  sampla.  This  aflaet  vraa  aetnaUy 
observed  In  pnllminary  expeilBMnta  and  so  a  aatuntlOB 
coefficient  of  0. 92  was  taken  as  a  boundary  oondltloa  far 
these  experiments. 

In  the  results  in  Figs.  2,  i,  and  4.  only  ono  Of  die  many 
sets  of  data  shows  more  than  92  to  93%  boaen.  In  Fig.  S. 
this  iftdicates  that  the  plateau  in  the  region  of  lewer  tenpata- 
tures  and  higher  saturation  has  relief  of  only  2  to  3%  fiozen 
arKi  does  not  extend  et  any  point  above  about  93%  frozen. 
This  nearly  constent  unfrosen  frection  mey  be  that  water  is 
closely  bound  to  pore- space  walls  by  adsorptive  forces.  Iho 
water  that  freezes  abruptly  on  the  addition  of  more  water 
UiKseased  seturation)  at  the  critical  temperature  (Of)  Is  con- 
sidered to  be  the  water  held  by  meniscus  forces.   nUs  water 
Is  considered  to  have  a  depressed  freezing  point  mil  sail  by 
the  surface  tensions  of  the  mlnlsci,  i.e.  ,  (2)  below. 

Depression  of  the  freezing  point  (AS)  at  a  wide  range  of 
saturation  levels  was  measured.  A  typical  plot  of  time  versus 
temperature  from  these  experiments  Is  shown  in  Fig.  1.  This 
was  done  In  an  attempt  to  correlate  freezing-point  depression 
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w:th  the  location  and  trend  of  the  "(reezir.g  step"  that  i:; 
reproaentod  by  th<-!  "clHf"  of  Fig.  S.    Those  results  are  shown 
ir.  Fig.  6  and  ar--  also  plottt-c  i;;  a  dashed  Wr.e  on  the  three- 
dlmensionai  ptot  ot  Fig.  S     Tempf^raiures  o(  initial  nucleatloa 
as  defined  m  Fig .  1,  which  rangttd  :ram-S.2''  lo-7.8''C. 
were  ?ii'.o  plotted  as      ovfrlflv  o:,  Fij.  S;  howevot,  thesu 
apppjn'.l  to  !:>•  mote  oi  U-'.5  rantlom  it:  this  llrwar  plot,  except 
that  thoy  ■'••i.ti'  j1;  temperatures  lower  than  8(    at  saturation 
above  0.2. 

Determination  of  the  freezing-point  depraeslon  also  aitoxta 
a  method  of  charactenzin:]  the  pors-spaca  faonatry  by  uaa  of 
the  Gibbfl-Thompcon  equation  [B] 

V  p,0,r 

where  T  is  normni  malting  point  27:«'K.'  T  Is  melting  point 
°K  of  a  Nucleus  o!  radius  r.  cm:  a  Is  intotlacidl  eneigy  lalf- 
wator  Interface  at  S  1 .  0  -  71.9  erg/sq  cm);  O    is  heal  0( 
fusion  (3.33  x  10^  erg/g):  p^  Is  density  of  sodd  phase 
(0.917  eiy/cu  cnO;  and  M  is  molecular  weight  Of  water. 

A  naan  affscUva  radtua  (rn^  can  ba  calculated  by  avalua- 
tlon  of  the  oonstantt  (T^ ,  M ,  (Q^ .  (pi) .  and  <tO . 

0.112 
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Ts- 


'■vhiTii  Is 

Po(o,  or  meniscus,  radii  calculated  in  thia  way  and  the 
rnckprocal  of  the  calculated  ttzea  ai«  plottad  as  Open  circlas 
agalnat  the  natural  logarithm  of  the  ooiresponding  eoafflclast 
of  aaturation  in  rig.  7.  This  is  not  intended  as  an  aoeinto 
daicriptlon  of  tha  pore  slsaa,  but  rather  a  charactsilsatlon  of 
than.  Tha  rasulting  atiaight  Una  gives  the  follOMrlng  aquatlOB 
for  tha  naan  affacUva  radlua  aa  a  function  of  aatumtton. 


I 


I        me      2.0-11.7  loggS 


(4 


whera        la  moan  affaettve  iiom  (or  nanlscus  radius .  in 
nlciona)  and  8  la  ooefficlant  of  sotinBtton. 

EquiUMnia  astmtMMi  for  vartons  eoplUaitty  pOMnttals  (or 
prassuio  hoad*)  waro  ■aosored  far  tha  peseolain  nodal.  Tha 
atandard-prasaure  membrane  apparatus  and  praoeduras  wota 
used,  and  mean  effective  radii  calculated  (tosi  tbaso  data  ara 
plotted  as  solid  elrdos  in  fig.  7.  Ihe  following  a^uatloa 
110] 


(4) 


r„g>cosCr 


whore  h    is  pressure  (cm  of  water);  o    is  surLu  i!  tension  at 
air-water  interface  71  .9  dyne/cm;  y  is  density  of  w  in^r 
(l.UU  g,  cu  cm);  a  Is  contact  angle  (u      0  ,  i-O'i  a     l.u);  and 
Is  mciin  effective  more  r.tdlus  (cm)  . 
To  Ioc<!te  the  line  of  the  cliff  In  Flij.  5    short  lines  of 
equal  tcm(.erature  or  of  equal  saljratisn  (as  wpre  appropriate 
to  the  existing  data)  were  drawn,  the  ends  of  which  repre- 
sented the  top  ar.d  t>Dttom  ol  the  cliff-    These  lines  were  than 
plotted  against  the  natuial  logarithm  of  the  corresponding 
saturation  coefficient  In  Fig.  B.    The  straight  line  that  results 
described  Uie  temperature  (Sj)  lor  any  given  degree  ol  satura- 
tion below  which  freezing  ol  most  of  the  water  in  the  pore 
spaces  o(  the  model  Is  virtually  guaranteed  after  19  to  20 
hoars  el  ftaaalng.  Ad  agwatlon  may  now  ha  wiitlan  aa 


6, 


fllf>g  S 
e 


(S» 
and 


Using  values  obtaknad  Iron)  the  plot  tor  the  constants 
c  we  obtain 

e,  =  J .  35  log^  S  -  1  4 

where  8,    is  temperature  of  guaranteed  freezing  CC);    $  Is 
slop^e  constant'  and    f    is  temperature  intercept. 

The  freezing-point  depression  data  are  also  plotted  In 
n».  t.  using  the  sam  scales.  This  data  can  ba  daaolbad  by 

Ag  =  1.  35  lo<jy  S-  0  .4  (tf 
where         is  depression  ol  the  freezing  point. 
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The  fact  that  both  curves  have  the  sane  slope  is  Interest- 
ing.   Thf  ioilowing  explanation  tentatively  describes  the 
physical  relationship  l>5tween  A8    and  9(  .   As  the  sample 
Is  slowly  cooled  below      C ,  at  temperatures  above  . 
deliberate  nucleatlon  will  not  cause  freez;r/7;  in  fact,  m  this 
region.  freezLr.g  <:<)ni«ot  occur.   At  temperatures  bepA-een  A6 
and  6j  ,  frecziny  c.an  occur  only  il  nucliMtior.  i.i  inlllatea  by 
something  outside  of  the  system  !;.ich       the  introduction  of 
ice  crystals  or  possibly  physical  shor:k-    As  the  temperature 
IS  fjrther  reduced  to  the  range  Ik^Iow   Bj  .  the  system  Is  still 
not  stable  until  nucleation  and  freezing  occur:  however,  In 
this  region  nucleatlon  will  ba  guaronteerj  without  any  outfilde 
agent  if  sufficient  time  is  available.    Expenmer-.i-i  .ire  now  In 
prograsf  which  may  describe  the  time  deper.rlenr  e  o:   9j  , 

In  our  model,  the  temperature  difference  bctwi-rn  the 
DrMZlng-pOtnt  depression         and  the  temperature 
9iiiirant«*d  freezing  16<)  appears  to  be  constant  and  indc- 
IMndent  of  icmpcratun^  .'^nd  saturation,  at  least  in  the 
saturation  range  where  the  ratio  of  the  amount  of  capillary 
water  to  the  amount  of  adsorbed  water  is  large.   At  saturationj 
lower  than  0.  IS.  the  data  appear  to  depart  from  the  relation- 
ship (riven  in  (6);  and  during  the  freezing-point  depression 
experiments,  it  was  noticed  that  when  nucleatlon  occurred  at 
temperatures  higher  than  9(  .  this  occurred  only  at  saturatlonJ 
less  than  0.20.   It  tnay  be  that  in  this  region  of  low  satura- 
tion (S<0.20  to  0.1&),  enough  of  the  total  soil  water  is 
adsortv-d  to  cause  a  departure  from  the  relationships  dOSCIlbed. 

CONCLUSIONS  AMD  RECOMMENDATIONS 

It  i»  COMCluded  that  the  amount  of  water  that  fireese*  ia* 
ftOMB  aall  aay  te  auongly  influenced  by  the  degre*  of  ntu> 
mtton  as  wwU  at  tanpantura.  Tha  Maifiimtur*  history  of  a 
nattvally  ODcmliip  fiosan  aoll  nay  hava  baailng  on  its  phasa 
compoaltlon  and  cmaeqijantly  en  its  stfainth  aad  affactiva 
specific  baat.  tliat  is.  it  nwy  be  supaiooeiad  and  my  hava 
•uffarad  no  aioeUant  ef  niKleatUm.  Tba  mt»  of  advanea  of  a 
nuclaatlnB  frant  In  a  baaalng  aoll  will  have  bearing  upon  tha 
validity  of  this  speculation. 

We  suggest  that  imrestlgatlons  of  phase  composltlaa  of  aall 
water  should  be  an  Important  part  of  any  aartous  englBaering 
or  selenUfle  Inwesttgatlan  of  fiosan  tina  gnlnad  seUa.  Phasa 
oanpasttlon  should  be  Isolated  aa  a  discrete  varlahia  Of 
strangth  rather  than  be  Included  in  the  raore  general  variables 
of  temperature  and  saturation.  In  our  opinion,  if  the  behavior 
of  soli  water  on  (reeclng  is  investigated  in  a  oiannar  similar 
to  the  ona  dasodbad.  a  fuller  understanding  of  aavanl 
different  (but  related)  aspects  of  froazing  behavior  may  be 
gainad. 

If  adlabatlc  oaJonmetry  is  carried  out  as  described  by 
Wflllans  C4l,  information  prasantad  here  oould  probably  ba 
gathered  with  much  graatar  efficiency  and  accuracy,  narthar. 
It  would  aaem  that  a  method  similar  to  the  one  he  daooflbad 
amy  furnish  a  more  straightforward  explanation  o(  the  ralatlon- 
shlp  between  the  freezing-point  depression  and  the  temperature 
of  guaranteed  freezing ,  since  both  stable  and  matastabla 
bshavlor  oiay  ba  dasotbad  with  his  appoiatua. 

MOKKOWLBDatuam 

Discussions  with  the  following  members  of  the  CRREL  staff 
have  furnished  many  of  the  Ideas  for  both  design  of  the  ex- 
periments and  analysis  and  discussion  of  the  data: 
Duwayne  Anderson.  Andrew  Assur,  Geoffery  Ballard. 
Paul  Camp.  Kenm-ih  Unell.  Richard  McGaw.  Donald  Nevel , 
Fred  Sanger,  Shunsuke  Takagl,  and  Wilford  Weeks.  We  are 
happy  to  aeknowladga  ttaoir  asalatanea  and  aneemgaiaant* 
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OI9CU8SION 

D.  M.  MIDeMON  ineludaa  tfala  papar  in  his  dlseuasMm  wbieh 
is  prasantad  at  tha  and  of  Session  4  in  this  volume. 

R.  D.  KlUB^Thls  paper  posaa  a  nal  idiaUaiiCa.  It  ramlnds 
us  that  wa  oannot  any  aiUBfa,  If  aogrthintr,  about  the  Greeslng  of 
watar  in  partially  satmtsd  soils.  In  Ods  Invastlgatlon,  tha 
aulhors  used  an  appsivntir  rigid  and  alabia  aubstrate,  which 
Is  a  step  In  tha  right  dlvsotlon.  Bat  who  oan  say  wliat  raally 
bappana  within  (his  swdlusi  as  watar  taasas?  Doas  tha  watar 
baaaa  In  situ,  or  doas  It  mova  lOMaid  tta  sites  of  nnolnatkm 
unttl  tha  porea  In  that  region  beoooie  saturated  with  water  or 
loa  or  holli  7  Wbst  is  the  oonHgunUon  of  die  phasa 
boundarlas? 

Tha  auUiora  am  apparently  oonfiisad  in  thair  usa  of  (2) . 
Tnm  the  eonlaact.  one  Judges  that  they  have  used  the  equation 
for  the  equlUfariun  temperature  of  an  Ice  nucleus  of  radius  (d 
In  water  at  atmospheric  pressure.  They  should  have  used  tha 
mterfaolsl  energy  of  an  loe-water  phase  boundary  instead  of 
that  for  air  and  water.  If  they  use  the  latter,  and  take  (r)  to 
be  the  curvature  of  the  air- water  aienlscus  in  tha  capillaries, 
than  thay  hova  a  freaslng- point  alavatlon  casa  provldad  tba 
air-lea  Interface  is  flat. 

Now  the  strange  thing,  and  this  has  baan  ebsaivad  bafmra. 
beginning  with  Schofleld  end  his  students.  Is  that  If  ona  uses 
this  equation  to  predict  the  magnitude  (but  not  tha  slgni  of  tha 
change  in  fraasing  point  of  watar  In  soil  as  the  soil  Is  dried 
out,  the  results  compare  fairly  well  with  predictions  based  on 
the  desorpUon  curve.  One  can  rationalize  this  result  In  an 
unoonfined  specimen  on  grounds  diat  ice  segregates  and  fbnas 
In  spaces  that  are  large  in  comparison  with  those  occupied  by 
water  and  is  therefore  near  atmospheric  pressure.    If  the  ice  In 
Lange  and  McKlm's  experiments  formed  outside  the  block,  this 
problem  does  not  occur,  and  we  have  the  analog  of  the  experl- 
aiant  described  InWlUlam's  contribution  to  this  conference. 

Making  the  indicated  changes  In  (Z)  and  axsumlrvg  that  ice- 
water  is  45  dynes/cm.  the  upper  curve  in  Fig.  7  falls  almost 
3n  top  of  the  lower.    This  coincidence  Is  hard  to  accept, 
however,  for  the  excessive  undercooling  used  by  Lange  and 
McKlm  In  their  freezing-point  depression  measurements  means 
that  the  freezing  temperatures  recorded  were  too  low,  and  tha 
error  Increases  as  saturation  decreases.   This  error  arises 
from  the  (act  that  a  finite  amount  of  water  must  freeze  m  ordar 
to  raise  the  temperature  of  the  block  to  an  equilibrium  tem- 
perature.  This  fraction  is  a  substantial  portion  of  the  total 
water  over  much  ol  the  range  and.  therefore,  the  residual 
unlrozen  wote:  cr^ntent  should  have  been  plotted  instead  of 
the  i.utial  water  content.    Indeed,  according  to  rough  calcu- 
lations, there  was  r>ot  onouyh  water  present  in  the  drier 
specimens  to  raise  the  temperature  more  than  hall  way  to  the 
"pradielad"  agidUtelusi  laaipaiatufa. 
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In  a  dlscussicri  ci  Session  •) .  D.  M.  Anderson  correctly 
pointed  out  that  the  latent  heat  of  freezirtg  measured  In  calo- 
nmetrlc  determinations  of  the  phase  composition  of  soil  water 
should  be  corrected  for  differential  heat  of  wetting.  He 
showed  that  the  resulting  latent  heat  of  adsorbed  soil  water 
iMy  be  less  than  that  nomally  assumed  (for  normal  water: 
79.71  cal/g). 

It  i*  ciMr  that  the  heat  of  wetting  is  a  phenomenon  that 
occurs  at  or  very  near  the  soli  wat«r-(ntneral  grain  interface- 
Anderson's  data  for  the  Wyoming  bentoniie  indicated  that  Bt 
water-contont  values  of  left  than  10%  the  value  of  the  latent 
heat  of  freezlrtg  passes  through  zero  and  at  lower  water- 
content  values  It  becomes  negative-   This  last,  incidentally, 
my  be  taken  to  indicate  that  the  remaining  water  (at  a  liquid 
watar  content  of  less  than  10%)  will  not  freeze  at  any  tempcra- 
tura.  Hla  data  tuiOier  luggastod  that  departure  from  the  value 
of  tfia  latant  heat  of  fraastng  of  normal  water  occurs  at  a 
moistura  oontant  of  approximately  30%.  Thus,  it  will  be  of 
interest  to  calculate  the  thickness  oj  the  soil  water  film  on 
bentonlte  particles  at  this  critical  value  because,  in  terms  of 
daeraasing  water  content,  apparently  it  is  at  this  value  that 
the  aoll-water  film  becomes  thin  enough  for  the  heat  of  futton 
of  the  soil  water  to  become  appreciably  influanead  by  tha 
adsorptlve  force  field  of  the  mlnaial  ymin. 

Anderson  a.ssumed  the  tpacific  cuiteoa  Of  ih«  benloiilta  to 
be  8  X  10^  sq  cm/9,  ao  era  may  now  aaUMt*  th*  tiiiekaaaa  of 
the  •oil-water  film  at  the  critical  nolatm  csontants 

*     O.icuiiaa  (p«r9dryaQll) 

8  X 10*  eq  en 
m  a.7xl0**(ni 

or 

m  3. 7S  A  (Angstroms) . 

Recent  measurements  of  the  heat  of  weturvg  in  water  of  the 
porcelain  used  in  our  work  allow  calculation  of  the  specific 
surface.    Data  published  by  Pun  and  Muran  [".]  show  that  the 
specific  surface  of  a  large  number  of  various  soils  measured 
and  calculated  by  four  different  methods  agree  with  the  spe- 
cific Surface  calculated  from  heat  of  weltir^g  measurements  to 
within  a  few  per  cent.   The  constant  that  they  obtair\ed  is 
186.  8  erg/ sq  cm  (*>  4.  S  x  10*^  cal/ sq  cm)  .    We  measured 
the  heat  of  wetting  of  the  porcelain  in  much  the  same  way  as 
the  phase  composition  of  the  soil  water  in  our  origtiMl  paper. 
Wc  obtain  a  value  for  the  oven-dry  porcelain  of  ^  0.  3  cal/g. 
Using  the  constant  obtained  from  Cl],  we  calculate  a  spedfte 
surface  of «  6.7  x  10'*  sqcm/g,  approximately  100  times  less 
than  the  bentonlte. 

If  wo  take  a  moT>omolecular  layer  of  water  to  be  n<  2.  8  A 
thick,  wo  can  conclude  (as  Anderson  did)  that  a  moisture 
content  of  30*  U>  3  or  4  A)  roughly  corresponds  to  a  mono- 
moiocular  layer  coating  all  the  bentonlte  ■:•  ur tac<- » .  '.Ve  are 
led  (see  tnirva  of  figure  by  Anderson  in  DISCUSSION  of 
aeaalon  4)  to  the  conclusion  that  most  of  the  heat  of  wettina 
U  generated  in  the  first  or  possibly  second  layer  of  water 
molecules  coating  the  mineral  grains.  The  work  of  Purl  and 
Murui  ahowfl  that  the  heat  of  adsorption  is  roughly  independ- 
ent of  the  ehiectar  of  ttie  aliwret  awtace  and  is  approxunateiy 
e  eomtant  energy  value  per  unit  of  avellabia  mineral  surface . 
Cm  a  wide  lenge  of  soils. 

We  may  now  estimate  the  minimum  etltlcal  moisture  content 
below  which  the  correction  Anderaon  ptopoted  should  be 
•ppUad  to  calorlmetric  determlMtlone  cf  aaounta  of  unfcoxan 
water  In  any  soil  or  sol  1  model  for  which  the  heat  of  wetting 
may  be  measured.    Tor  our  porOUS  medium: 

specific  surface  of  porcelain «>6. 7  x  104  sq  cm/g 

minimum  critical  Ihlcknese  of  water  film 9. fi  x  10*'  em 

(«  S .  6  A) 

Therefore,  the  minimum  critical  volume  (welghd  otwt/tm/9  of 
dry  soil  is: 


(s.  6  X  10-"  end  (C.7  x  10*  aq  cnl  •  3-7  x  10'^  cn  cm/« 
dry  soil 

or  0.00979  g  weter/g  dry  loil 

or  melature  content  by  weight  w  0.  dK. 

We  piaaented  pteee-oompoaltlon  data  baaed  on  caJorlmetqr 
fcf  aetuntlon  (A  eoeffideata  down  to  0. 1  which  comapooda 
to  e  meiatuce  conlenl  IMC)  of  2. 1%  end  we  commenleo  la  the 
oilglnBl  peper  that  tiie  data  appeared  to  fit  out  empiiMal 
valetleDahlpa  only  down  to  about  S  «  0.  IS  or  MC «•  1. 1%, 

Hive  It  was  our  purpose  in  this  paper  to  pose  soma 
qwstleiii  rather  than  to  answer  them .  we  are  Indebted  to 
R.  D.  Miller  for  clearly  delineating  these  problems  in  hla 
dlscusiloii.  A  eecondary  purpose  of  our  paper  was  to  call 
attention  to  the  use  of  rigid  models  for  investigations  of  soil- 
water  freezing  phenomena.  A  recent  paper  by  Corey.  Nlelaen« 
arvd  Biggar  l  2  j  suggests  that  the  lack  of  interconnections  of 
pore  spaces  m  a  natural  sandstone  makes  that  material,  at 
least,  a  poor  rigid  model  of  a  soil.  However,  recent  electron 
microscopy  reveals  that  our  porcelain  Is  only  lightly  siateted 
and  poro  spaces  appaer  to  be  completely  eonneetad> 

Professor  Miller's  ramarke  regarding  the  posalble  move- 
ment of  water  toward  tiie  sites  of  mideatlon  are  appropriate: 
however,  wa  would  like  to  point  out  that  the  porcelain  blocks 
ware  (puiposaly)  thin  slabs  in  order  to  astabltsh  a  minimum 
thermal  gradient  as  quickly  as  possible  after  Introduction  into 
the  beezing  cabinet.  Until  an  adlabatlc  calorimeter  which 
incorporates  some  method  of  heating  and  cooling  a  sample  With 
no  thermal  gradient  becomes  available,  we  know  of  no  Other 
technique  for  countering  this  valid  objection.   We,  of  course, 
have  nn  knowledge  of  the  configuration  of  the  phase  boundaries 
during  freezing:  indeed,  direct  observation  of  freezing  in  pore 
spaces  would  probably  furnish  considerable  insight  into  these 
problems. 

Professor  Miilrr's  orgunent  that  we  should  have  used  the 
interfacial  enerx;'/  value  for  an  ico-wator  phase  boundary  in 
the  Gibbs-Thoxpsor.  equation  (our  equation  (2))  is  probably 
correct.    Further  considoratlor  of  th<i  freezing-point  depres- 
sion curves  of  time  plotted  agomst  temperature  (our  rig.  1) 
sucjgcsts  that  when  temperature  reaches  the  level  of  the 
freezing-point  depression  (AS) ,  ice  is  present  in  some  of  the 
pores  and  is  surrounded  by  water. 

We,  too.  admit  to  some  cor.fuslon  reyartllng  tho  apparent 
paradox  of  the    1  jn  -rversal  that  results  when  data  from  an 
experiment  like  c  j.-s  is  entered  into  this  (Gibbs-Thompson) 
equation.    We  can  only  speculate  that  the  values  of  one  of 
the  terms  (a)  interfacial  energy,  (O  )  heat  of  fjslon.  or  (r)  the 
radius,  from  our  data  should  have  a  neaatlve  sL-jn.  Obviously, 
if  o   has  a  negative  value,  then  neither  Qg  nor  r  may  be 
negative.  andtfelthoT       CT  f  u negative thOB  V  oBiwat 

be  negative. 

Regarding  the  formation  of  :ce  outside  the  porcelain  block, 
we  were  extremely  caref.jl  to  discard  samples  where  this  was 
ob.sep.'<>d.  This  accounts  tor  the  peuctty  Of  dete  et  eatwetlon 

Irvels  highor  thon  about  0.90. 

It  scons  unlikely  to  .iS  ;h«t  the  freezing  temperatures 
recorded  for  tho  frcczmg-posr.t  depression  experiments  were 
lowered  below  tho  true  equilibrium  freezing  temperature  be- 
cause long  time  periods  (on  the  time  versus  temperature 
cun.'es)  cf  constant  temperature  waie  leoOfded  lodloetlng  en 
equilibrium  freezing  temperature. 

'.V.J  3r.:  :n  irl  t.-d  lo  Djwayr.e  M.  Anderson  for  his  assistance 
in  the  preparation  of  the  first  portion  of  this  closure  which  re- 
lates to  his  discussion  and  to  John  Sayward  whO  llOiight  the 
work  of  Pun  artd  Murari  to  our  attention. 
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PHASE  EQUIUttIA  AND  SOIL  FREEZING 


ft.  D.  MILUR.  Cbcaall  Vnlvonlty.  Mwob,  Nwr  Yeifc 


Interactions  of  soil  and  liquid  water  Involve  two  kinds  of 
IntarfftClal  phenomena.   Interactions  at  a  mineral- water  tnter- 
{•ee  are  described  as  "adsorption"  effects.   Interactions  that 
involve  the  surface  of  water  exposed  to  a  gA.seous  phase  pres* 
ant  m  aoU  are  called  "capillary"  effects.  The  combined  action 
of  adsorption  and  capillarity  determine  the  configuratioaaef 
the  liquid  phaM  tliat  may  exist  for  any  given  liquid  water 
content  > 

Current  oonoaptions  of  the  process  of  frost-heaving  may 
also  be  aald  to  dapend  on  adsorption  and  capillary  phenomena. 
These  detarmine  the  configuration  of  an  unfraten  liquid  phase 
In  aotl  where  the  respective  boundaries  are  with  soil  particlaa 
•nd  the  ice  phase.  Taber's  classic  papers  on  heaving  poatu- 
latad  existence  of  a  liquid  film  between  soil  partlclai  and  a 
growing  ice-  lens  and  auoQaatad  that  adaocptlon  foicaa  wan 
responsible  Cl ] .  Jackaon  and  Chalmers  [ii  draw attamHon  to 
the  Importance  of  the  geometry  of  the  ice-waior  Itttarfaea  in 
relation  to  soil  pores.   In  alternate  form,  Ihta  kaconaa  tho 
standard  capiUaiy  ralationahip  axpraased  in  Mnu  of  auriaea 
tension  of  Ite  leo-walar  Intorfaea.  Xha  tbaraiodynondoa  of 
haavina  ayatam  wai*  oonplotad  by  Everett  in  a  daOnltlva 
ooiiuibutlon  1 3]« 

While  quantltatlva  axponnantal  oonflrmatlon  of  the  present 
Mate  of  f(ott>li«nvino  thiioty  to  Mwor.  qualltntMo  agraamam 
to  good;  tho  altuatlon  la  vaiy  pnaltlng .  This  papar  ravlawa 
•oaia  aapaeta  ol  the  theory  in  erdar  to  extend  it  to  aolto  that 
frooM  wltteut  Ice*  lens  foraiatlon  and  to  call  attantlott  to 
lalntod  thaory  developed  for  imfioaon  aoUa.  If,  aa  aupgaalad. 
•nalogtoa  a»y  ba  drawn  batwaan  fhaaa  asfataaa,  •  aonaldnt^ 
•bto  body  of  knowladga  and  axpaiUMntal  aitparianea  laay  ba 


COMDRIOIK  AT  BQVIUBRIUM 

A  standard  text  on  thermodynamics  14]  includes  a  brief  dis- 
cussion of  equilibrium  between  «  liquid  and  Its  vapor  when 

the  Vmo  ar<!  at  tliik'icnt  p^^^5^..JI!>s.    This  disrusslon  may  be 
Illustrated  by  (Fig.  1)  a  schematic  drawing  ol  4  cylinder  fitted 
with  pistons  at  each  end,  and  divided  into  two  compartments, 
x  and  y  ,  by  a  wall  of  porous  material  such  as  unglazed 
porcelain.    In  a  later  apphc.ition,  the  n-gion  desigr.flted  8 
will  be  occupied  by  soil,  but  this  may  be  Ignored  for  the 
moment .   Contents  of  the  respective  ehanbara  Will  bO 
designated  X  and  Y  ,  respectively. 

In  the  textbook  example,    X  is  liquid  mercury  which  does 
rtot  wet  porcelain.    If  the  pores  In  the  porcelain  are  small  , 
.iqijid  Tiercury  will  r,ot  enter  or  pass  thrt5urjh  the  wall  material 
until  the  pressure  (P^)  is  raised  to  a  value  rr.uch  higher  than 
Py  .    Mercury  vapor,  ho-A'ever,  passes  Ireely  through  the  wall 
so  that  Y   IS  pure  mercuiy  vapor  at  .somo  pressure  (P^J  . 


Within  limits  to  be  mentlorved  bel; 


may  bo  varied  at 


wlil  so  long  as  it  exceeds  Py  .  Oti.r.aijly,  the  vapor  pressure 
of  pure  mercury  Is  determined  by  temperature  only,  but  in  tMa 
example  It  will  tie  effected  by  P    as  well.    Starting  with 
P    =  Py  at  temperature  T,  .iK  f.-0!i.-.ib;o  e.^uillljiiuTi  statea 
between  liquid  mercury  and  Us  vapor  must  satisfy  the 


Mlatlon  (Bvaiatt'a  aquation  Ills 


p  •  y  4 
X  jr 


(U 


where  dT   i s  the  temperature  change ,    AH  IsthahaOtOf 

transition,  dP  i s  the  pressure  change ,  and  V  Is  the  partial 
■Wlal  volume  for  the  phases  indicated  by  the  subscripts. 

Let  the  'iu,intlty  (Pj^  -  Py)  be  represented  hy  p^.^ ,  the 
gauge  pressure  o!  X  with  respect  to  Y.  In  suhseciuent 
applications,  the  system  wlil  l^;  so  .-irnnged  thnt  p^y  is 


either  zero  or  positive.  Whenever 
persists  at  all,  will  be  metastable. 


Ifi  positive  Y  if  I', 


In  the  example  given. 


rig.  1.  Diagiam  of  appa- 
ratus for  equUlteatlng  two 
bulk  phaioB  onoppoalM 
aldaa  of  a  poieua  wall  at 
unaquai  praaauraa:  aoll  la 


wlMi*  Y  to  ■aroury  vapor,  thia  vapor  will  ba  I 
with  liquid  meroury  at  praaaure  fy  whonavar  Pxy  Is  posi- 
n  a  dioiilotof  Ucpdii  aiarevry  to  tmadiKod  into 
y  ,  tho  praaaura  Inalda  Aa  dRtp  will  axeaad  rha 
Piaaatva  of  tho  vapor  by  no  aiaouBt  tojcy/r  whara  1/r  latto 
maan  euivatun    tha  liqoid-vapor  Inlarfaca.  and  o„  la  tha 
suifaoa  taaalen  of  tha  intaifaea.  If  Hm  dioplot  to  apnacleal, 
r  la  tho  drop  ladlua.  If  tha  pmaaura  in  Iba  diep  aaeaada 
P]i  ,  tha  d>^  will  ovanaaca:  if  laaa  dan  Fx  tlw 
giow.  If  fk  •       '  >nd  T  are  hald  eoaalant.  until  tbp  vapor 
phase  haa  dtoappaarad. 

nia  onueal  aisa  of  a  (aptaaricaU  drop  that  win  nalthar  gmw 
nor  avanaaoa  to  glvan  by  r  •  ZOxy/Pxy       Pxy  Inoioaaoa. 
tha  etitleal  aina  daeraaaaa,  and  flia  probataUlty  of  apontonaout 
nudaotlOQ  Of  a  dioplat  torpor  dian  erittanl  ilso  tncioaaoa.  A 
ptaetleal  Uadtatfem  to  poaalbto  ovilUbtlum  atatoa,  than, 
daponda  on  faotora  atlaetlng  nuclaatlon  of  phaao  X  in 
dwrnbar  y  ,  Including  tha  nagitttudo  of  P_« 

A  aoooRd  practical  UiUtotion  to  datormlSad  by  tha  dUMB- 
sioiu  of  poraa  connactlng  duunbara  x  and  y  .  Givon  th* 
coniaot  angto  botwoan  nareuty  and  pomlaln,  thara  to  lom 
ofltleal  tntarfbctal  ewvatuta  that  will  painit  tha  Intatfaco  to 
ponatrato  tha  wall.  Onea  thla  eeeura,  tho  oonaaquaneaa  an 
tha  aaiaa  aa  if  a  aupaieiltioal  dioplat  had  baan  nuelaatad  in  y. 

Within  tha  Cteld  of  aquUlbrlum  atatoa.  tojaotlon  of  hoat  at 
an  Inflnitoly  slow  rata  at  conatont  tanpontum  and  ^  «M1I 
cauaa  phaaa  Y  to  laoiaaaa  at  tha  axpanaa  of  X  >  iMa  is  a 
ravaraibto  ptooaaa  avan  though  Y  la  a  supanatumtad  vapor 
by  the  utual  deflnltlon. 

Water- Vapor  iW-'/l  Case 

An  alternate  example  involvt'S  a  Ucjuld  that  wet's  the  material 
of  the  porous  wall,  for  example,  water.    Let   Y   be  pure 
(liquid)  water  that  also  tills  the  fore.s  ol  the  dividing  wall 
Let  X  be  pure  water  vapor  (orxea  t>y  eva[.or.ition  ol  v/ater 

present  in  the  wall.  The  situation  is  similar  to  the  preceding 
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•xanpl*  CNMpt  tiMt  tiM  ieto«  of  Uquid  and  vapor  aro  tatar- 
ehangod.  ttoUag  fta  naw  ttgnirioanoa  of  tubaolpu  x  and 
y  .  (1)  appUas  to  tha  naw  tyatam  witiwui  ehanga.  Whanavar 
p)(y  la  poaltlva,  Y  ia  aaaln  nattatabla,  but  titia  ttna  tha 
oMtaataUa  phaaa  la  a  supariiaatad  Uqald.  Ml  ttat  waa  aatd 
pnvtoualy  about  mielaatlon  of  liquid  dieplata  in  y  aay  now 
ba  aald  about  mielaatloa  of  vapor  bubMaa  In  y  >  A  lika 
■tatanant  appllas  to  panatntlon  of  tha  poroua  wall  by  tha 
vapor-Uquld  Interface.  Injection  of  haat  oauaaa  X  to 
tneieaaa.  and  vlea  varia. 

At  a  given  tempaiatiira,  pure  water  haa  a  vapor  pfessure 
when       is  saio.  If  tamparatura  la  hatd  constant,  pwy 
may  ba  tneraasad  by  ladaelng  fy  ■  The  relative  huaOdlty  iw 
of  tha  aquiUteium  vapor  M  la  «iv«n  by 

h»  I*  orh»e"*  (» 

where 

-fe  [P«y- 

This  i  quation  it  obtained  from  (1)  and  the  Ideal  ffaa  law.  Note 
that  tha  term  In  pBienthoalB  Is  negli«lbla  compared  to  p^y 
whan  Pq  ia  aaiall,  aa  near  the  Ice  point.  Notice  diat  Py,  the 
altaolute  pressure  in  the  liquid  phase  Y  ,  may  be  negative, 
with  the  liquid  phase  remaining  Intact  through  the  action  Of 
Internal  cohesive  forces  and  the  action  of  adhesive  forcea 
within  y  to  which  water  do^s  not  adhere  serves  as  a  nuclaatlMV 
site  iOr  vapor  bubbles,  adding  another  practical  limitation  to 
poaalhle  vahies  oi        ■   It  is  luiown  that  puia  water  in  clean 
Vlass  rantalners  can  t>e  aublected  to  tensile  stresses  of  scores 
of  bars  without  ruptiue,  but  experimental  realization  of  a  prac- 
tical lOm  of  the  apparatus  of  Fig.  1  dcpords  on  eiimlnatlon  of 
nucleating  sltea. 

An  equivalent  system  may  be  achieved  by  omitting  the 
eihamber  y  and  sealing  the  porous  wall-   The  appioprlate  value 
Of  pify  can  be  calculated  from  (2)  when  h  is  kMNm  in 
cdianber  x  . 

Alr^Water  Ot-W)  Case 

Anof^M':  dteo  oi  (reodom  may  b.-  introduced  by  inflV.lriij  another 
coiiif-oin-iit  a  part  ol  th<?  f;quilihti..rr.  'iysteni,  tor  I'x.un;^  U* .  air 
or  any  l:i>ml  sclLili>  (luid.  Il  .u:  i  ;-ir.'';i--,:  jr.  x  ,  it  fietj  to 
dis.iolv*'  In  wfite»r  that  ocrupi."  thf  '.v.-ill  [•f:ri'';  t\r-ii  to  dilluso 
In  soluiiuM  i:-.;:T  r-h.-M-ibiT  y  .  Th.-  j,T.;.  r:  .i;  [.hi)3i_'  (X3  i-i'-rri-il 
to  as  '">1iE"  ri>ri!.:ijrs  [  ir^priol'V  .^rni^urt  nf  ■.vctj^T  VJJK^r.  The 

ligui'J  phase  !M  ccnt.a'.ns  jn  .i iiiirr-'pri^i"'-  amount  or  dissolved 
air.    As   p,,-,,   is  fositiv-?,    V    a-jair.  tiecoinos  meta stable. 

Tills  liT<-  jt  15  a  Bur^TS'ituratcd  so]  jtion  cf  dissoivod  air-  All 
th.tl  v/.t    -j.-iiil  i;«.'iorc  .?lxi.it  n  jcl*  atiori  nf  vapor  bubbles  may 
now  h-'  ■       about  nucii  ■r'tinn  of  air  buSblfjs.    Equation  (1)  no 
lonyor  apjjlies  since   Px   nov/  refers  tc.  the  pressure  on  the 
air.    However.  (2)  is  still  applicable. 

The  device  known  as  a  tensioxoler  iS  a  lonii  ot  the  appa- 
r.itus  in  Fig.  1.    As  normally  used,    X   Is  the  gaseous  soil 
atmosphere-    In  such  a  d?!vlr*>  Y  has  been  observed  to  be- 
come unstable  as  p^,,  .ipj.:i  nrrhes  3/ A  bar.   This  (allure  may 
be  forestalled  hy  ;ie:)ii!-nt  :  •iil.-iceinent  of  Y  with  freshly  dc- 
alred  water-    The  tensioti  l.-ifil.-    pressure  plate,  and  pressure 
membrane  apparatus  aii-  dll  examples  ol  (orms  of  ("Ig.  1  that 
arc  In  regular  laboratory  use.   The  last  two  In  this  group  arc 
used  at  values  ol  p^y  which  produce  instability  of  Y  -  This 
problem  is  circumvented  by  approaching  equilibrium  through 
increases  in  p^^y  and  by  omittir-g  chamber  y  .    The  porous 
wall  Is  simply  exposed  to  the  atmosphere,  jnd  ti-:  desired 
vaKic  of   p^y   imposed  by  increasing   p^^  .abxivo  atmospheric 
prcss-ri'-    By  this  means,  values  of  f:^^   up  to  I    bars  are 
imposea  as  a  matter  of  routine,  and  values  up  to  several 
score  bars  have  b-een  jsod  or,  orcasior..    Zrip  validity  of  this 
technique  has  been  checked  by  appropriate  measurements  of 
h,  ..sir.']  (:),  with  apparent  lood  agreement  Within  the  mngo 
where  such  tests  are  practical  Ls]. 

Ice-Watar  U-W)  Case 

If  ehanbar  y  it  ooeuptad  by  pure  water  tbat  iUIt  the  porea  of 
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tha  wall«  and  dMnbar  x  ia  oeeuplad  by  lea  that  alldaa  without 
friction  atong  tha  dtaaibar  walla,  than  (ha  altuatlon  eloaaly 
tataaMaa  tha  W-V  eata,  providing  (ha  lea  la  awamtad  flioM 
tha  wall  nalailal  by  an  unltesan  film  with  tba  prapacttaa 
infknrad  by  Tabar.  Whan  luch  a  film  la  praaant.  that*  ean  ba 
no  direct  shearing  stresses  transmitted  bom  the  wall  material 
to  the  ice-water  interface.  Benee  the  loe  phaaa  could,  in 
principle,  be  repUced  by  any  tmmtaolHa  fluid,  providing 
appropnata  adjuatswnta  are  made  lor  (he  aHrfaoa  antrgy  of 
the  Iniarfaee  In  each  case.  Praaaive  In  the  loe  mutt  be 
uniform  and  equal  to  . 

This  being  true,  (1)  applies  to  the  I-W  case  in  the  same 
manner  as  In  the  W-V  case.  %Vhen  Pj^y  is  positive.   Y  is 
again  meta stable,  and  is  supercooled.  All  that  was  taid  about 
nucleation  of  vapor  bubbles  in  y  may  now  ba  aald  with 
respect  to  nucleation  of  tee  cryttala  In  y  except  (or  the  re- 
marlcs  about  adhesion.  All  thatwaa  aald  about  penetration  of 
the  porous  wall  by  the  XY  interace  still  applies.  Inleetion  of 
heat  will  cause  Y  to  Incfeate  at  the  expense  of  X.  Extraction 
of  heat  induces  the  ptocett  of  ftott-heevlng. 

Soli  Water  Charactenstlc  Curve 

Soil  scientists  have  used  apparatus  resembling  Fig.  1  for  many 
years  as  a  means  of  appraising  the  relationship  between  soil 
water  content  arvd  the  affinity  ol  soli  (or  water  [b] .    Soil  Is 
placed  against  a  porous  membr.vi'-  ni  sintered  i;;.33s,  lilter 
paper,  unglazcd  porcelain  or  other  similar  mat>_Tials  and  so 
occupies  the  position  designated  by  the  letter  S  in  Fig.  1  . 
The  form  o!  the  .apparatus    known  as  Haines  apparatus,  leaves 
X  open  to  the  atmosphere   pressure        and   Py   is  r-.  i  i  •  j  by 
Increments,  so  that   Pxy   equals  -(P-P^).    Tht?  quflniity  IP-PqI 
has  t>cnn  called  pore-water  pressure,  and  various  similar 
names.    The  quantity  (p^^)  has  been  called  soil  moisture  ten- 
sion and  other  naTies.  the  rasst  recent  Unnq   'n'.rttrir  suction" 
or  more  briefly,  "suction.      St:^nim  w.th  a  sftturnted  .soil, 
p^y  may  be  ir.crc  ised  by  incrcTicm .ind  the  w.iter  ri'li'.ise 
observed  far  each  step.    If  Pj^y  l.s  .si..bseqi.je.Mly  reJui.ed  by 
Increments,  the  so;,  will  recover  water  il  V  i:.  pre.^ent.  A 
plot  ol  .soil  Water  rrontent  .if.  .1  function  ol  p^y  js  called  the 
soil  Water  char  iidfri  ^t.c .  .unl  (11  c»mplcto)  provides  data  ftom 
both  drying  ar.ii  wettir/j  pro-reriures.    This  Is  because  the 
cur\-es  for  v/eitmij  and  dr/inc;  usually  do  not  colrctde:  the  soil 
w.u-.T  charade ri  stic  is  a  hysteresis  function.    By  a  suitable 
-.a-queriC'"  r^f  wettirfj  and  dr/inq  op»?ratJcns  one  ma';'  produce  a 
soil  with  water  content  and  suction  values  that  will  plot  rit  any 
point  h'-twecn  the       :  uniting  cup.'es  lor  drying  (start:":  with  a 
saturated  sample)  and  wetting  (starts  wjth  a  dry  sairiple)  . 

The  Haines  apparatus,  like  the  tenslometcr.  Is  limited  to 
values  of  Pxy  up  to  about  3.' 4  bar  or  less.    In  the  Richards 
fnrr-i  of  the  apparatus,    y   is  vented  to  the  atnosphere  and 
Pxy   increased  by  increasirrq    Px  .    With  a  suit.ible  mem- 
brane.   Pxy   may  be  ralAfin  to  <ii-atf'.  o'.  Iv.rs.  but  this  in 
inevitably  accoitip.inifd  by  slow  movoment  of  air  thro.jyh  the 
soil  and  ibirough  ihr-  merribrar.e  mntoria). 

The  at«!ogy  given  above  between  the  A-W  and  I-'.V  cases 
Suggests  that  a  soil  freezing  characteristic  may  be  lojnd  that 
Is  closely  related  to  the  soil  water  characteristic  in  all 
respects,  inclndiny  hysteresis.    The  terrri    soil  freezing 
characteristic    has  been  coined  to  signify  a  plot  of  unfrozen 
liquid  content  In  a  soil  (in  apparatus  of  the  form  of  Fig.  ll  aa 
a  suitable  function  of  p^  whore  X  is  Ice  and  Y  Is  liquid 
water.    In  practice,  It  may  be  simpler  to  control  Py  and  T 
and  to  calculate  Pyy  from  (I).    The  relationship  between 
the  soil  water  characteristic  and  the  freezing  characteristic 
Will  depend  on  the  nature  of  the  soil  Involved,  as  explained 
below. 

"  'ftH'  fTflf 

It  la  Important  to  laeognlsa  fbndamamal  dlffamioaa  la  ma- 
taclala  called  aoll.  IWe  asctramaa  will  ba  daalgiatad  88  aoll 
and  8L8  aoll,  raapaetivaly.  88  aoll  tafara  to  aoll  in  which  all 
toll  paitlelaa  aia  in  diraet  aolld-to-aolld  contact.  Dune  aand, 
or  a  waUkaoftad  allt  ata  axamplea  of  88  aoll.  In  such  a  soil, 
tha  paitlelaa  aia  aton  or  leaa  fixed  In  apace,  being  wedged 
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between  their  neighbors,  and  the  bulp;  vcUiT.e  nl  a  sr'irc:infn  of 
SS  soil  chanijes  only  w.th  chancjcs  in  the  way  in  which  the 
particles  aro  fitted  together.    A  change  in  water  content  of  an 
5S  soil  IS  accomplished  when  water  present  In  the  pores  is 
di  spiacad  by  air.  tor  example,  with  llttta  or  no  change  ta  bulk 
VQiunie. 

SLS  soil  rt'ftT-'i  tc  a  -loi:  in  which  tho  partlclci  nri-  iHlwayr. 
separated  by  a  rnosili-  iiqurJ  film.   A  pastil  ol  wfl l-orjiMiii»d 
sodium  rr.oiiin'.otjllor.iti;  [Virtlc!<'s  1;;  an  ox.im^lt-  o!  SLS  ■;o;.. 
The  particles  are  llal.  drul  ol  unttorTn  thir-r.n.v.'; .    '.v'htT.  ■.vi41 
oriented,  the  particles  xemi  to  u<-  rv]u,iUy  spai-.-il  ir.J  fj,ir,=ii;.'l, 
and  to  b«  scpamted  by  llTuid  wati-r  in  arfr.orfactl  film-:  th.it  m/iy 
bo  many  times  thicker  than  the  porticles  themselves.    All  n: 
the  water  present  lies  -.v-.thin  range  of  the  adsorpticn  iorces 
active  near  the  s'^rfaces  of  soil  particles-    A  chanyc  ir  -.vator 
content  of  such  a  matono'.  prciciin  cs  a  corr'-opf^ntlir.j  rhunge  In 
the  bjlk  volume  Of  the  soil  since  the  particle?  merely  move 
closer  together  or  farther  apart:  the  space  benvecr  renains 
filled  with  water  at  all  times  . 

A  typical  soil  encountered  in  the  field  is  likely  to  ho  a 
composite  ot  the  vmo  extreme  types  T.entioned.  and  -.s'lll  l>e 
dff.iqruHted  SSLS  :ioi.  to  mdlcatn  that  soir.e  cl  the  partlclea 
are  In  direc!  rontort  with  Ihclf  n(>lgKljor'; ,  while  Olhara  are 

sapaiatod  bom  tham  by  a  moblla  liquid  lllm- 


approach  the  Idea:  SIS  Tiodel.  hor.        Ix'i'o  !u!ly  explained. 
A  discussion  of  various  models  arid  their  relationship  to  ex- 
permental  results  Is  inappropriate  here     In  the  ideal  SLS  soil, 
a  change  in  water  content  is  accompanied  by  a  corresponding 
Chanpge  in  the  bulk  volume  rather  than  by  intrusion  of  a  foreign 
phase  into  thf-  spares  between  adjacent  p-articles.   Craclcs  and 
li;;M..ri'fl  ronlAinUi?  alf  (or  lct>)  may  occur,  subdividlnrj  the  soil 
moss,  but  the  exieni  ol  the  air-wflter  Interlace  is  always  small 
In  con-.[:x<tiTjoii  with  the  Interlace  between  particles  and  water. 
The  wati^r  content  1*  d«ternuned  independently  ol  these  creeks 
a  nd  1  s>  r-o  n  t  ra  ued  fey  the  thlehnaM  of  Olms  adaorbad  between 

the  particle-;. 

If  an  SLS  ljoII      placed  In  the  apparatus  of  Fig.  1  .  the 
water  content  vanes  a?    p^y  varies,  and  it  is  immaterial 
whether  X   is  oir  or  an  inert  solid  block  such  as  the  piston 
itself,  providing  the  presence  of  dissolved  air  has  no  signifi- 
cant e'fect  on  the  adsorption  pheriomenon.    II  temperature  Is 
a-.lju5led  In  accordance  with  ('.),    x  may  be  occpiod  by  ice. 
:a.-;eition  ol  luxps  .r>l  ice  into  the  SLS  soil  .mais,  under  these 
conditions,  will  not  disturb  the  equiiibilu.m     Hi-oce  the 
(unfrozen)  liquid  content  of  the  SLS  ;.oil  plotted  as  a  function 
of  pj^y  should  be  identicel  with  the  SOU  watar  chaiacterlsUc. 

WATER  IN  SSLS  SOILS 


WKtBRmsaaotL 

The  eccepted  explanation  of  the  soil  water  cheracnerlBtlc  e{ 
SS  soli  Is  given  in  Haines'  classic  paper  [7],   The  relation* 
ships  between  water  content  and  suction,  includlim  hyataiaeiai 

are  wholly  explained  in  terms  of  surface  tension  and  the 
geometry  of  the  pore  system. 

Miller  arKl  Miller  i  B]  published  a  more  general  treatment 
based  on  similitude  that  p^-rrnlts  scalir>g  of  the  soil  water 
characteristic  arvd  a  variety  ol  transient  flow  problems.  They 
adopt  a  cor-.cept  of  "similar  media"  and  of  "similar  states" 
for  similar  media.    An  example      similar  media  would  be  a 
pair  of  soil  samples  m  which  every  particle  in  or.e  had  a 
magnified  counterp.irt  In  the  other.    Correspondirtg  particles 
In  each  soil  are  in  correspondiny  ;K>Eitions  in  the  manner  Of 
corre spondi rrtj  sides  of  similar  yeom.etric  figures.    On  a 
statistical  basis,  duplicate  samples  of  a  ^iver  sol:  'A-ould 
simulate  similar  media.    Each  meai^m.  rray  be  assi-^ned  a 
mlcroscc;  .1.  i  rir.iacteristlc  length  (X)  to  be  chosen  in  any 
convenit:.-,  narner.    This  quantity  specifies  the  size  scale 
of  the  m.edium  and  may  be,  for  example,  the  diameter  of  the 
median  part,cle.    Similar  media  are  said  to  be  m  similar 
slates  C'l  Water  content  -A-hon  the  g,^ometry  of  the  air-water 
Intcrfocos  in  the  rc5p<  c!ive  soils  are  olao  guometricelly 
Similar.   This  can  fx'  trn>'  only  il  the  wellir>g  atmlo  Of  the 
liquid  for  the  solid  is  the  some  in  each  soil. 

For  a  similar  media  in  similar  states,  the  gauge  pressure 
(p)  In  the  pore  '.vater .  measured  with  respect  to  the  air  pres- 
sure i";  ol  _-:uch  a  maqnituae  that  '.he  quantity  (Xp  'cr)  i.-i  the 
same  ir.  each  even  though  different  liquids  may  be  involved. 
The  quantity  (Xp/o)  is  Called  the  radMoed  prase  urn  (p*).  end 
is  dimensionless . 

Adapting  the  same  nomenclature  and  i--a.-.oning  tc  Fiq    1  it 

follows  that    -XPxy''Oxy  .  or    Pyy*  ,  Wli;  Ix-  the  -j.^me  lot 
similar  S3  v.oiLs  at  similar  liquid  water  cont-.-nt:,  -//hether  X 
is  air.  pure  w^tet  vapor,  or  even  Ice!    Cons'-qut-nlly .  one 
anticipates  that  the  -iEMl  ^Mr^•.l■r  rhar.ict<-ri:;tic  and  the  freezing 
characteristic  ol  a  yivcn  SS  soil  w.li  snpi-ii-njKise  l(  (unfrozen) 
water  content  is  plotted  as  a  function  o:   p-.;y*   m  each  case. 
Trom  (1)  we  obtain  for  SS  soil  frozen  in  the  apparatus  of  Fig.  1 


xy 


(3) 


where  AT  is  the  change  equilibrium  temperature  eoconpnaylng 
a  chartge  in  p^y  with  or  without  a  change  In  P^. 

WATER  IN  SLS  SOIL 

The  soil  water  characteristic  for  SLS  soil,  or  for  aolla  that 


According  to  the  discussion  above,  the  toll  water  character- 
istic and  the  soil  freezing  characteristic  of  an  SS  soil  should 
be  identical  if  water  content  is  plotted  as  a  fUACUOn  Ol  Pxy*  > 
but 'not  If  plotted  as  a  funcuon  of  p^y  .  The  situation  is 
reversed  for  SLS  soil.   If  these  expectations  are  verified  by 
experiment,  comparison  of  I-W  and  A-W  curves  obtained  for 
SSLS  eoil,  using  either  method  ol  plotting,  should  make  It 
poaaible  to  distinguish  between  water  that  remains  unfrozen 
at  a  given  tampaiatuio  bacauaa  of  edsorption  effecta.  and  that 
whleh  la  pMnnmtA  horn  Cteaslng  by  gaonwirtc  Umltatlana. 

WMBR  MOVBMBHT  W  FROSEN  8011 

That  iha  eondMotlvlty  of  toll  lor  watar  daoUnaa  aa  watar  oon- 
lent  daeUnaa  la  wall  known.  The  affaet  ia  notn  profound  in 
8S  aotlf  halving  the  watar  coolant  nay  daeraaaa  oonductivity 
by  aavaial  ordara  of  Btaanltuda.  lhaaa  ralatlenalilpa  are 
aiaaaurabla  [9] .  fliadlar  tachmviaa  ahouM  be  appUcotala , 
in  ptfnelpla.  to  nMaauiwaent  ot  the  oendiieUvlty  of  froaaa 
aoll  for  watar.  but  flw  tadmlqiie  ia  obvloualy  mora  danwnd- 
Ing.  Fending  axparlaionlal  exploration  of  Ihla  quattlon.  It 
I  fuaaonablo  to  auBgaat  that  the  ooneapta  of  ainllar 
I  and  alaiilar  flaw  ayatama  [8]  awy  ba  adapttd  to  the 
pradlctlon  of  walai  anvanant  In  fioaan  88  aoll.  Whara 
tranapoit  Involvoa  algnltlcant  laovaaiaM  in  adaorbad  filma. 
howavar.  alflUlttuda  grobobiy  doaa  not  ataal,  alnee  tranaport 
may  ba  a  dltfualon  phaaeiDanon  latfiar  than  a  viacoua  How. 

Watar  aovaaMot  in  Ideal  SLS  aoll  la  axiraaialy  alow.  The 
preaanca  of  tnnavaraa  lea>lanaaa  in  aueh  a  aoll  would  appear 
to  Impoaa  laipoivloua  banlarB  to  flow,  but  thla  la  not  naoaa- 
aiiUy  trua-  Uieal  awlting  and  Imealng  at  appnpiuta  placaa 
would  panatt  dlaplaoaaiant  of  water  aoioaa  aa  loa-iana  that  did 
not  changa  tta  ahapa  or  poaltlon.  even  though  the  lea  wae  la 
awuen.  Flew  aeioaa  lea- free  aoll  between  lanaaa  would  be 
la  tta«  nenaal  nannar.  8ueh  a  proeaaa  raquirea  almultanaoua 
tianapert  ot  latent  beat.  Where  heat  tranaport  la  not  Ibaltlnp. 
diaplacamant  flow  thiougb  a  trosea  SLS  aoil  ou^  to  ba  juat 
aa  rapid  aa  through  an  unffoaan  8L8  ami  of  the  aaaia  (unbocanl 
water  oootant.  Indeed,  the  praaaaee  of  a  auatainnd  tanveia- 
tuie  gadlant  in  an  818  aoll  with  l«e-lonaea  ahould  indue* 
auatainad  movanant  of  \ 


STNEHGTH  OF  FII02EN  flOn 

tt  waa  suggested  earlier  that  tba  Ice-weter  interface  in  e 
fvoaen  soil  does  not  experiettce  direct  shearing  streaaea  wfaert 
the  ayatem  is  at  equilibrium.   If  this  Is  true  then  the  IM  pheae 
cannot  contribute  directly  to  the  static  strength  of  soil.  Of 

course,  ice  will  greatly  increase  the  resistance  of  soil  to 
finite  rates  of  strain,  so  that  a  soil  that  exhibits  extreme 
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raalBtanee  to  daforaiatlon  by  Inpaet,  or  npld  iMdlng,  nay 
creep  when  lublMMd  to  ratetJvoly  lUght  Mraas  owar  a  tona 

period  of  tlmo. 

The  rate  of  eiMp  Should  be  highly  tanpmlHM  Mnsiuve 
and  should  increato  rapidly  at  the  tafflparaiwa  approaches  the 
ice  point,  even  though  th*  ica  coittatit  may  not  change  percep- 
tibly. The  mechanism  visuaiUed  is  not  creep  of  the  ice  phase 
Itself,  though  this  may  occur,  but  rather  selective  melting  and 
(raesing,  with  a  displacement  of  water  through  unfrozen  films 
from  one  site  to  the  other.  Although  the  conductivity  of  such 
fltms  l8  low,  the  distance  of  movement  involved  is  small  (of 
the  order  of  one  partlcia  dla.)  so  that  the  configuration  of  the 
lea  phase  aay  chang*  at  a  rata  that  raQacts  the  affact  of 
tanpamtiva  on  tUm  tUdowsa. 


FROn-HBAVlMG 

Frost-heavino  Is  probably  tht'  mosi  tmublcsoir.c  practical 
consequence  of  soli  freezing.    Englneer.i  are  forced  to  rely 
on  heavirtg  tests  performed  on  srtmples  Irozi'r.  undi?r  rontrollfd 
condmons  as  itvdicatois  oi  probobln  (irrformonce  of  soil  In  the 
field.   While  thesn  tosts  an-  us^lul.  they  arc  not  wholly 
satl sfBciory ,  for  it  is  not  piBftjrrtl  to  •umuloti!  in  the  labora- 
tory the  r.ir-ge  of  p«rtln<>Mt  vAri(iijU"s  that  may  dutcrninc  actjal 
behrtviQi  in  the  fifild.    There  is  a  continuiot;  interest,  there- 
fore, in  devising  means  of  extrapolatir/]  the  results  of  a  few 
loboratory  tests  to  any  corjcitipr.  that  might  be  expected  in 
practice.   The  soil  water  characteristic  may  provide  a  basis 
for  extending  the  interpretation  of  heaving  tests  or  even  to 
elrcumver.t  then  In  some  cases. 

In  hi';  f^F-t"'    i;v<-r<'tt  mrntions  ';ome  Inherent  relationships 
thrtt        ••  u.  tr.f         :..  ■>:  hiMv.r  J  -.5  It  nOW  Stands,  and  he 
compare;;  theye  with  so-r,e  experirTiental  data  Cs].    lie  finds, 
for  example,  that  an  estimate  ol  pore  size  for  one  of  Penner's 
samples  leads  to  a  prediction  of  maximum  heaving  pressure 
that  ;s  near  enoush  to  the  observed  value  to  be  regarded  as 
encourag! n',-     In  his  contribution  to  the  present  conference, 
Penner  u  ;';  ^  ^vn  soil  water  char^.rt  :  ristic  curves  to  make 
similar  predictions,  again  with  acne  success.    The  computa- 
tions of  Everett  Involve  empirical  correlations  and  good 
agreement  would  hardly  b«  expected.    PeiXiWr's  OOmpatlSOn 

i.-i  based  on  fractions  of  Potter's  fUat  aaeb wltii an obvloiialy 

r'-irrow  ranQf>  of  pore  siie.i. 

Theory  also  predicts  that  overburden  pressure  and  soil 
suction  should  be  additive  in  their  effect  In  arresting  ice- lens 
formation.   Penner  [  10]  has  presented  data  that  contradict 
this  FTGdlctlon,  suction  b»?lr*g  twice  as  effective  as  overburden 
pressure  In  stopping  heeviny.    The  soil  Involved  In  theso 
experiments  had  a  broad  pore  size  distribution,  as  shown,  by 
the  soil  water  characteristic  data  Included  with  the  rei^ort. 

Everett  mentions  the  importance  of  p^ire  size  di strihition  in 
his  discussion  of  frost  damage  to  building  stone.  Other 
aspects  of  pore  size  distribution  may  be  of  equal  or  greater 
Importance  when  there  Is  no  external  source  of  water.  Cverett 
points  out  that  for  the  latter  case,  the  Ice  phase  may  continue 
to  grow,  drawing  the  air- water  Interface  Into  the  porous 
material.    He  adds  that  the  corKfave  meniscus  so  formed 
lowers  the  pressure  exerted  by  the  ice  crystals.   He  might 
have  predicted  that  If  the  pores  were  of  substantially  the  same 
size,  the  absolute  pressure  exerted  by  the  ice  crystals  would 
fall  below  atmospheric  (and  the  disruptive  force  would  vanish) 
before  the  water  pressure  was  low  enough  to  allow  the  alr- 
water  interface  to  enter  the  stone.   This  Is  because  the  sur- 
face etvergy  of  the  air-water  interface  exceeds  the  surface 
•iMSVy  of  the  Ice-water  Interface,  according  to  published 
data-  The  air>water  interface  can  be  drawn  Into  poras  that 
ai*  largar  than  those  that  confine  the  Ice  phase,  howavata 
Whan  the  ice  pressure  Is  atmospfieric,  and  is  confi&ad  by 
pores  of  effective  radius  (r^) ,  the  smallest  unfrozen  pore  that 
ean  yield  its  water  to  the  ice  phase  will  h.ive  an  effective 
radius  (tg)  where  t  ^  =  ^aw^lM^^l  *  ^*  volume  of  w.iter  held 
in  pons  of  the  requisite  slM  ean  ba  rsad  from  t.'.e  uou  water 
ehanetarlstlc.  As  eeoiMaa  piassura  dua  to  overburden  or 
tanalla  atmigth  of  tha  pomua  nMlMtel  Inenaaaa,  tha  alsa  of 
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the  smallest  pora  that  can  ylald  watar  to  tha  ice  phase  in- 
craasas  ftirthar.  In  tha  abaaoea  of  poras  with  required  siaa 
difference,  the  ice  pressure  would  never  exceed  atatospbarle. 
and  the  disruptive  force  that  can  be  developed  would  ba  saiO 
but  for  tha  volume  change  of  watar  on  fraaslng.  As  pom  watar 
frsasaa,  tha  watar  displacad  by  fttaaslno  of  tratar  in  altu  may 
be  used  in  lens  growth  at  aaotliar  location,  or  It  may  be 
exuded  from  the  stone. 

With  materials  of  uniform  pore  size  in  mind,  and  tha  affaot 
of  relative  values  of  surface  tension  of  lea  and  water  and  air 
and  water.  Miller  et  a)  [  1 1  ]  were  lad  to  rensrfc  that  tiia  soil 
immediately  beneath  a  growing  ice-lana  SHiat  tm  saturatad, 
This  conclusion  does  not  apply,  of  oovraa,  to  soJla  with  a 
wlda  range  of  pore  size  disMbtttloB  axeapt.  pHbapSi  fbr  tha 
pona  In  the  first  layer  of  partlolas  that  separata  an  lea*lana 
fioei  unfrozen  soil .  Because  of  tha  rapidalva  action  botwaon 
i«a  and  psruclos.  tha  aoll  particles  in  thia  layar  am  Itta^ 
to  ba  drlvan  togathar  into  a  closer  systaai  ol  paddag  than 
axials  in  tha  aoll  aiaaa  aa  a  whola.  and  dia  aatuntad  layar 
would  ba  a  ami*  akla  of  paiticlaa  In  contact  with  tha  laas. 

with  tha  abeva  in  mlad  it  ia  psofaably  signlHcswt  to 
obsetva  that  data  ^  fannar  (that  aaaai  to  oonfUet  with  thaory) 
imroltMd  apaelaianB  diat  wara  not  aatuistad  during  tiioaa  taata 
In  wbicb  tha  auoUoa  In  Aa  unhosan  aoll  waa  a  llmltlBv  factor. 
CoaipUoBtlons  that  arise  with  respect  lo  conductivity  tor 
watar.  lha  davaiopiaant  ef  "aklnst"  ate> «  awy  hava  oon- 
fbuidad  Ma  raaidts.  It  would  ba  Intaiaattng  to  laa  thia 
•xpariaiaiit  rapaotad  with  soil  having  a  naimw  imga  ef  pera 
alaa  dlambutlan.  Thaoiy  laioht  ba  eonflnaad  if  diis  wara 
dona. 

Miliar  et  al  C 11]  nwasurad  lha  aqulUbrluai  taanpsntwe  ef  • 
Meek  ef  lea  that  raalad  ott  wBtar^aatunlad  allt  fmeHoas.  In 
aoflM  axpailaiaiita.  \  was  laonaaad  while  Tj  was  bald 
eonatant.  bi  ethars,  tha  psaaadun  waa  ravaraad.  Thair 
raaulu  agraad  tMoU  with  th*  pfopealtlen  that  eveAuidan  pna- 
aiaa  and  aatrte  auetien  ara  addltiva  in  tha  aaniiar  pradietad 
by  (1) .  Ibair  nsulta  ahowad  snail  but  aaaaunply  eeasiataat 
davtetlena  torn  Hbm  aapaetad  linear  nlationahlp  banraaa  ta»* 
pamtura  and  pressure  up  to  the  point  at  which  lea  ewldantly 
antarad  Oia  peraa.  This  was  dataotad  in  aosie  eaaas  by  niniita 
tempaistura  fluctuations,  after  which  tha  tampantnra  ftilad  to 
rasiwnd  rapidly  to  changes  in  prassm.  Thia  la  raasenafala 
alnea  fraaslng  of  porea  ladueas  tha  conductivity  of  aoll  for 
watar  and  dalaya  atnimnant  of  agvilibitun  In  the  adiabatie 
amngaaMMil  aaad  la  Mmm*  awpartwanti. 

In  tha  aaae  papar.  Millar  et  al  ebtainad  thaevatieal  ewvea 
from  pranlaee  IliM  wara  implicitly  Identical  with  those  of 
Evaratt.  but  wara  anpUeitly  dlstoitad  by  gaometno  appiDKl- 
sntiena  aabaaquantly  vaeegiilaad  aa  aupatfluotta.  Aa  a  rasult. 
the  thaeratleal  euvea  aidubtlad  a  alipht  eunntwa  attaar  than 
comet  linear  ralatlonMhlp. 

The  auibor  ballevaa  that  the  thaery  ef  Inati-haavlng  will  ba 
adequate  for  soils  ef  mnom  pom  tfM  dSattibHUon*  leadlly 
identifiable  from  their  aeil  wetsr  efaaraelailatle  eunea.  Ike 
theory  is  not  yet  ooaiplele  e»  applied  to  sella  of  bmad  pera 
sisa  distribution.  Tha  eonaldaiable  knowladpa  available  on 
the  soil  water  chaiBcteristic  curve  will  help  sohra  piebleBa 
relating  to  frost  heaving  and  other  aspects  of  frosan  aoUa* 


90MB  WOnC  Of  raOGRBflS 

The  author  is  associatad  with  research  ralatad  to  the  matters 
discussed  in  this  paper.  R.  Koopmans  has  undertaken  ittvesti- 
gatlons  of  similitude.  An  effort  will  be  made  to  obtain  the 
ratio  (oaw^o^w^  by  matchirvg  soil  watar  and  soil  freesing 
characteristic  curves  for  SS  soils.  C.  Dirksan  Is  investigating 
heaving  In  closed  systems;  he  is  using  pammatars  obtained 
from  the  soli  water  chanctaristie  cutva  to  predict  tha  siode 
and  magnitude  of  water  transport  in  frozen  and  unfrozen  soil 
in  the  presence  of  a  temperature  gradient.   Both  investigations 
are  Ph.D.  the.ies  research  belrva  conducted  In  the  DepaitSMnt 
ol  Agronomy,  Cornell  U.iiversiry,  under  Contract 
(DA-ll-100-ENG-23>  with  CRREL.  U.S.  Amy  Matsrlal  ■ 
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FROST- HEAVING  IN  SOILS 


EDWARD  PENN'ER,  National  Research  Council,  Ottawa,  Canada 


A  literature  survey  shows  that  present  Interest  In  frost  action 
research  is  focused  on  thermodynamic  properties  of  the  ice- 
waler  Interface.  This  aspect  of  the  freezing  process  ts  a 
fascinating  field  for  research  and  much  progress  Is  being 
made,  but  there  are  many  other  equally  important  aspects, 
when  tce-lensing  Is  involved  in  the  freezing  process,  that 
have  not  been  investigated  since  the  studies  of  Taber  [1] 
and  Beskow  [2] . 

To  draw  attention  to  a  much  wider  field  in  the  problem  of 
frost-heaving,  this  conference  may  be  an  appropriate  occasion 
to  summarize  some  work  carried  out  since  1955  by  the  Divi- 
sion of  Building  Research,  .Mailonal  Research  Council  of 
Canada.  These  studies  have  Included  changes  in  soli  struc- 
ture from  Ice  segregation,  characteristics  of  moisture  flow 
and  potentials  Induced,  heaving  pressures  produced  by  frost 
action,  dependence  of  unfrozen  water  content  on  temperature 
and  soil  type.  Ice  proliferation  rates  in  water  and  in  growth 
retarder  solutions,  heal  and  moisture  balance  during  loe- 
lensing,  some  observations  on  the  structure  of  ice  in  lenses, 
and  Iho  freezing  process  In  porous  systems. 

ICE-UNSING 

The  formation  of  Ice -lenses  as  a  ma)or  cause  of  frost-heaving 
In  soils  is  well  established,  although  the  10%  phase  change 
expansion  also  adds  significantly  to  the  total  heave.  In  pro- 
viding space  for  ice  as  the  lens  grows,  work  must  be  done  to 
lift  overburden  and  any  surface  surcharges.  The  necessary 
supply  of  water  is  obtained  from  surrounding  soil  or  ground 
water,  and  so  further  work  is  done  to  establish  and  maintain 
a  potential  gradient  in  soil  water.  The  available  work  by  the 
freezing  process  must  be  divided  therefore  between  these  two 
processes  which  occur  simultaneously. 

Ice-lenses  usually  form  parallel  to  the  soli  surface  along 
an  Isothermal  freezing  plane  so  that  the  expansion  and 
heaving  pressures  are  always  in  the  direction  of  heat  flow. 
The  lateral  extent  of  one  lens  depends  on  the  homogeneity  of 
solid  material  and  the  uniformity  of  water  supply  and  tempera- 
ture gradient.  The  thickness  of  the  lens,  however,  is  a  rate- 
dependent  phenomenon  that  varies  between  soils  but  is  always 
contingent  on  the  balance  between  moisture  supply  and  heat 
flow. 

When,  thorrfforu,  potential  water  supply  is  equal  to  or 
exceeds  the  existing  heat  removal  rate,  the  lens  will  continue 
to  grow  at  one  site  indefinitely.  When  heat  removal  rate  tem- 
porarily exceeds  moisture  supply,  temperature  at  the  lower 
face  of  the  ice-lens  decreases:  a  new  location  for  growth  may 
be  established  when  a  more  favorable  water  supply  is  encoun- 
tered by  the  freezing  front.  As  these  events  are  repeated. 


they  result  In  rhythmic  Ice  banding . 

Heat  removal  rate  can  be  increased  to  a  point  where  a 
uniform  distribution  of  ice  occurs  throughout  the  frozen  soil 
behind  a  continuously  penetrating  frost  line,  but  at  the  sane 
time,  water  is  being  moved  to  the  freezing  zone  so  that 
heaving  still  occurs.  Finally,  in  the  case  of  a  quick  freeze, 
heaving  Is  reduced  to  the  10%  expansion  when  freezing  is  too 
rapid  for  the  movement  of  soli  moisture,  and  hence  only  the 
In  situ  water  freezes . 


STRUCTURE  OF  ICE  IN  LENSES 

It  is  of  considerable  Interest  to  note  the  conformation  of  ice- 
lenses.  When  grown  in  soil  with  a  carefully  controlled  envi- 
ronment of  temperature,  pressure,  and  water  supply,  the 
structure  of  the  lenses  were  not  as  uniform  as  anticipated  [3]. 
Ice  grains  were  elongated  In  the  direction  of  heat  flow,  but 
different  optical  orientations  were  often  observed  In  adjacent 
crystals.  Optical  orientation  was  determined  by  etching  a 
freshly  polished  Ice  surface.  Fig.  1  shows  soil  structure 
formed,  ice  distribution,  and  shape  of  the  freezing  front  In  an 
Ice -lens.  Fig.  2  shows  the  disorder  of  the  etch  pits  on  the 
horizontal  face  of  the  ice-lens.  In  Fig.  2  the  heat  flow  Is 
perpendicular  to  the  plane  of  the  paper.  The  c-oxls  (crystal 
axis) ,  lower  crystal  Is  almost  parallel  to  the  heat  flow;  the 
upper  crystal  is  at  about  a  45°  angle  to  the  heat  flow. 
Although  randomness  is  apparent  In  all  lenses  examined,  the 
studies  were  not  statistical  enough  to  establish  firmly  the 
degree  of  disorder. 

T0» 
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Fig .  I .  Vertical  slice  of  clay  specimen  after  unidirectional 
freezing 
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rtg.  3.  Laboratory-produced  Ice-ienslng  In  sllty  clay 


Fig.  4.  Ic«-tenses  (dark)  In  siU  (light) 
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Crystal  orientation  was  usually  different  above  and  below 
the  soil  occluded  In  the  Ice-lens.  Non-unldlrectlonal  heat 
flow  around  occluded  soil,  may  have  contributed  to  the 
randomness  observed. 

Growth  rate  of  ice  In  a  pure  melt  Is  greatest  In  the  direc- 
tion normal  to  the  c-axls  during  free  growth  [^4],  This  may 
be  responsible  for  the  change  In  suucture  with  depth  of  unl- 
directlonaily  frozen  tee  starting  with  random  nucleatlon  at  the 
water  surface.  The  grains  oriented  with  the  c-axis  normal  to 
direction  of  heat  flow  gamed  preference  at  the  expense  of  all 
other  directions  of  orientation  [S] .  This  preference  was  not 
observed  in  the  tee  formed  by  lenslng  in  soli. 


SOIL  STRUCTURE  FORMATION 

There  arc  important  differences  in  the  structure  of  frozen  soil 
and  In  the  disposition  of  tee  and  soil  resulting  from  the  Ice 
segregation  processes  in  different  soil  types  [6].  The  con- 
vex shapes  of  the  lower  lace  of  occluded  structures  and  the 
undulating  freezing  front  In  clays  (Fig.  3)  are  In  sharp  con- 
trast to  the  more  uniform  size  of  soli  strata  between  ice- 
lenses  common  In  coarser  frost-susceptible  soils  (Fig.  4)  [7]. 
When  the  frost  line  is  advancing  in  clays,  the  shrinking 
process,  due  to  local  water  removal  by  Ice  growth,  appears 
to  dominate  the  shape  of  the  particle  plucked  away  from  the 
freezing  front  and  occluded  In  the  ice.  The  lower  face,  which 
is  normally  convex,  is  thought  to  be  a  result  of  uneven 
shrinking,  leaving  an  Irregular  freezing  frpnt  even  though  uni- 
directional heat  flow  conditions  are  carefully  maintained  for 
the  sample  as  a  whole.   Suction  potential  developed  In  clays 
Is  high,  but  the  permeability  is  low;  this  accounts  for  the 
local  shrinkage  and  hence  the  kind  of  structure  observed. 


INDUCED  SUCTION,  HEAVING  PRESSURES,  AND  MOISTURE 

FLOW 

Moisture  In  the  liquid  phase  can  flow  through  constrictions 
between  adjacent  pores  more  easily  than  Ice  can  proliferate 
through  the  same  porous  system  In  the  temperature  range 
normally  encountered  during  soli  freezing.  This  is  the  basic 
reason  why  ice  crystals  grow  in  pores.  If  the  pores  are  small 
enough,  the  crystals  develop  into  tee -lenses,  althojgh  water 
In  pores  directly  beneath  may  be  below  0°C.  This  water 
would  crystallize  if  seeded,  but  Is  not  cold  enough  for 
spontaneous  nucleatlon. 

Soils  have  a  low  strength  In  tension  and  unless  there  are 
confining  pressures  due  to  overburden  or  superimposed  sur- 
charges, the  crystal  is  almost  free  to  grow  within  the 
restrictive  limits  of  water  supply  assuming  appropriate  thermal 
conditions.  Transfer  of  water  from  the  film  surrounding  the 
soil  particle  to  the  ice  crystal  appears  to  remove  the  molecule 
from  the  sphere  of  attraction  by  the  particle.  This  changes 
the  moisture  potential  and  sets  up  a  suction  gradient  In  soil 
water . 

If  Induced  suction  Is  of  sufficient  magnitude  to  overcome 
capillary  pressures,  it  may  empty  larger  pores  and  thus  the 
soil  dcsaturates.  This  decreases  the  cross-sectional  area  of 
the  flow  path  and  reduces  the  permeability  coefficient  below 
the  value  for  full  flow.  The  characteristics  of  change  In  the 
unsaturated  permeability  depend  on  the  properties  of  the 
material  such  as  pore-size  range,  pore-size  distribution,  and 
nature  of  the  solid.  In  view  of  the  suciion-pcrmcablllty  Inter- 
dependence it  is  obviously  not  correct  to  use  saturated 
permeability  coefficients  for  predicting  heaving  rates. 

Development  of  suction  during  freeztr^  in  a  closed  system 
containing  Potter's  flint  at  almost  no  overburden  pressure  is 
shown  in  Fig.  S.  In  the  same  material  the  development  of 
heaving  pressures  was  followed  while  the  system  was  kept 
fully  saturated.   When  heaving  ceased,  the  suction  in  the 
toil  water  was  zero.   In  both  cases,  the  system  was  Initially 
saturated  and  a  small  Ice -lens  was  allowed  to  develop  before 
the  experiment  was  started.  The  Importance  of  this  Is 
accounted  for  by  Everett  [  8] . 


llM  flaal  nalMum  ooninft  In  llia  auctlan  experiment  (Fig.  S) 
was  much  bsldw  fbe  Mtmtsd  oondlUons  maintained  in  the 
heaving  preeBiire  experiment;  that  is,  as  a  suction  developed, 
the  nuit  aamples  deMturaled.  a  phenomenon  not  uncomovon 
In  the  field. 

Thui,  FI9.  S  demonstrates  two  methods  for  reducing  loe- 
lensing  to  sero— of  oovtae,  heaving  can  be  stopped  also  by 
the  simultaneous  appltcation  of  suction  and  overburden  pres- 
sure.  It  Is  believed  that  forces  responsible  (or  heaving  .in;! 
Induced  suction  can  be  accounted  for  by  considering  only  iho 
geometry  of  the  pecoiM  naUrtal.  pravldtd  It  ia  taydrophUle  In 

nAtufi: . 

UNFROZtN  WATER  CONTENT  OF  FROZEN  SOILS 

Jce-lenslng  activity  in  s^ils  .a  generally  assumed  to  be 
restricted  to  the  plane  separating  tlio  vrtunpleu-ly  'jnlrczi.'n 
soil  and  ihe  lowest  ic«-lens.  Although  ihl;;  rr.ay  ba  the  piano 
oJ  gri-at'-at  heaving  .ictlvlty,  since  In  hi  jviL-r  soils  layers 
between  s-ccessivo  lenses  are  frequently  »oit  and  apparently 
unfrozen,  i:  lenJa  weight  to  the  conclusion  that  several  ice- 
lenses,  one  abov<5  the  other,  may  be  Increasing  In  thickness 
concorren'.ly  tiut  at  different  temperatures ,   It  Is  obvious  from 
Fig.  6  and  from  similar  results  given  elai'where  [9]  that 
simultaneous  gic:wth  of  several  lense  ;,  ::nt'  nbcive-  the  uihi-r, 
may  be  quite  general  since  the  w«tf>r  in  n^tur.il  soils  Iroczos 
ovt^r  a  temp-eraturc  range,  but  lh«  slmult>ineaiis  growth  ol 
several  lenses  is  probably  most  pronounced  m  clays.  During 
the  season  of  heat  loss  from  the  soli— when  (rost-heavlng 
occurs— the  ter:iperaturw  In  thfi  soil  tncn^asos  With  depth. 
Hence,  wther  thing::  l>ei,--,g  trq  jal ,  the  snioilest  UnfCOMn 
moisture  content  would  be  ne.ir  the  S'.irfiire  , 

The  process  whereby  3u<:ce3!.i  v   i.  i  -l  'i;..'  s  ijecomi-  estjb- 
Ushed  has  not  t>een  deteririlned ,  u.il  iheie  are  at  icaat  iwo 
possibilities:   (11  "Seeding"  ol  Ihe  new  locjiiticn  nrru:-j  by 
ice  prollfcrdtion  th.'ough  the  larger  poros  'jntil  a  stable 
balance  of  heat  and  moistare  flow  is  reached;  31  (2)  CiS  the 
temperature  drops  at  the  ice -soli  Interface  due  to  natural 
procossos,  spontaneous  nucloaclon  may  occur  ahead  pf  the 
previous  Ice -lens  In  larger  water  filled  pores  leaving  a  layer 
of  unfrozen  soil  between  successive  Ice-lenses.  Itls;  there- 
lore,  of  some  Interest  to  look  tefeUy  M  some  aspaots  of  loe 
Pfollteatlon  In  Its  own  melt. 

ICE  PROLIFERATION  RATES  IN  SOLUTION 

Dentrltjc  ice  prolUeratlon  rates  hove  been  measured  in  pure 
water  and  various  aqueous  solutions  [  10] .  The  growth  rate  in 
a  psrlicular  solution  Is  not  predictable,  except  that  it  is 
known  In  a  ganoral  way  that  aqueous  ofganlc  aoluUons  om 


mora  affocttan  nioiders  of  gnnsth  of  too  Iban  Inorganle 

solutions. 

Ice  proliferation  rates  were  measurad  In  small,  diln-wallad 
glass  capillaries  filled  with  solutions  of  various  concentra> 
tlen  [11,  12]  10  study  how  injecting  solutions  into  the  pOra 
water  of  soils  affects  frost-heaving  .  within  the  heat- 
dlssipation  limits,  rates  wore  realized  to  be  relative  rather 
than  absolute  [13].  The  majority  of  experltnents  were  In 
solutions  of  calcium  llgnosulfonate ,  a  byproduct  of  wood 
pulping  by  the  sulfite  process.  The  attenuation  of  prolifera- 
tion rate  is  shown  In  Fig.  7  as  a  function  of  supercooling  for 
Water  and  aqueous  solutions  of  sulfite  liquor  up  to  50% 
ooncontratlon . 

Although  Ice  proliferation  In  these  experiments  was  by 
dentrltlc  growth  and  therefore  not  entirely  similar  to  ice-lens 
growth  in  soil,  the  effectiveness  of  fluid  Injections  with  this 
product  agrees  with  the  results  of  the  labcratsry  cxperl.Ticnt . 
Some  conclusions  based  on  these  results  are:  (1)  That  altering 
the  Ice  growth  characteristics  oi  soil  water  may  ae  a  useful 
approach      piirsue  for  dt-Tiir.tshlng  frsat-heave  rates;  (2)  the 
effccUvcne ss  of  tne  retarder  is  not  reUited  la  its  "a-nifree/.e" 
characteristics  Since  tiit;  sulphite  llqucxr  concentralion) 
lowered  the  freezing  point  by  less  than  3°C  (this  is  also  sub- 
stantiated by  freezing  point  and  proliferation  studies  in  both 
high  ond  low  molecular  weight  fractions  in  the  hquor  [12]); 
(3)  the  character  of  ice  proliferation  rates  studied  lr5  the 
presence  of  large  molecules  should  be  extended  to  cliannota 
between  solid  particles  and  the  pores  of  porous  solids. 

HnAT  AND  MOISTURE  BALANCE  DURING  SOtt  FREEZING 

Sliriiiltaneous  measurement  of  heat  flow,  mcisturo  movement, 
and  heave  dujing  freezing  has  been  useful  in  Identifying  .soma 
of  the  significant  factors  that  should  deteitnlne  a  realistic 
laboratory  frost  susceptibility  test  for  soils  [H].  The  appa- 
raius  was  designed  to  i^-.iiure  unidirectional  ht;at  flow  that 
could  be  measured  oy  he.j;  transducers  at  both  ends  of  the 
specim<in.    It  njs,  therefore,  been  useful  also  in  measuring 
She  thermal  conductivity  of  soils  '14,  '.'i]  . 

The  dommatt.'ig  i.nfluencc  of  heat  flow  or.  the  heaving  rate 
was  evident  for  all  soils.   Three  distinctly  different  rates  of 
heat  extraction  from  specimens  wore  imposed  during  one 
oxjer jment .   The  response  in  moisture  flow  closely  followed 
changes  in  net  .'.eat  flow.   Three  soils,  varying  widely  ;n 
many  char;i;^terl.silc;.'; ,  responded  similarly  (Pig  .  *i)  .  Th<-  con- 
clusion ss  mat  11  U  misleading  to  assess  frost  suscef  tibihty 
o(  d liferent  soils  (for  field  use)  in  the  laboratory  with  the 
same  frost  line  penetration  rate.   Different  soil  types  would 
not  froozo  at  the  same  rate  under  similar  climatic  conditions 
because  of  differences  In  thennal  conductivity,  water  sup^y, 
la  situ  water  ctMiant,  ate. 
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Fig.  7.  Rate  ol  Unosr  ico  cryst.^lUz.^tlon  versus  miPWOOOUng 
at  dlfierant  conoenlrauons  of  suliite  liquor 


A  unlfom  lunit  «KMietlM  nm  eoNslciMt  with  tlw 
f t«ld  eondiuea  a^pun  to  to  dw  nora  waltctlc  «ppr«wcli  for 
evAiuatlrtq  tbe  frost  susMpUbUlty  o(  dlffK«Bl  Mils  In  the 
laboratory.  Further,  these  expartnwnla  showed  IhBl  ftMM- 
thaw  cycles  are  not  a  requlrenent  far  lee-Iensinc  ClO> 
some  stUl  believe.  Confusion  arises  from  Qim  iMit  ttat 
(reeze-thaw  cycles  do  have  the  effect  of  "pumping"  iratnr  hi 
successive  steps  to  one  plane  In  the  soil.  This  wider 
separation  at  one  plam  em  to  pwtloMlwly  deelruetlw  to 
plant  root  systems. 


FREEZING  OF  WATER  IN  PORES:  EXPERIMENT  AND  THEOiOr 

ThennodynenUc  properties  of  water  freesing  In  pores  and 
causing  frost -heaving  have  been  discussed  at  length  by 
Gold  C17]«  Jackson  and  Chalmers  [IB],  Everett  [8],  and  In 
less  specific  terms  by  the  author  [19,  20,  21],  There  Is 
agreement  on  the  nature  of  the  process,  but  the  treatment  by 
Everett  has  been  generally  preferable.   It  states  the  problem 
simply  and  precisely,  yet  it  is  sufficiently  comprehensive  to 
be  applicable  to  both  unconsolidated  and  solid  porous  mater- 
Idls .  It  !3  of  Interest,  however,  to  review  some  of  the 
oxrH-Tlmontal  facts  on  which  the  theory  is  based. 

Earlier  wcfk  [19]  established  that,  starting  L'uiri  saturation, 
the  amount  of  water  available  for  Ice-lenslng  ar.d  the  '^■"''"lyj 
suet  ton  Induced  in  «  closed  soli  system  b«low  the  son«  of 
Irt'i-zinq  Wi53  a  functto-  of  ihc  a;«tc  of  subdivision  in  granular 
rr.a".i?rlol:  fc-cth  'w:o  cjrcater  for  a  clay  than  for  coarser  soils. 

Mcasu-emcnts  of  the  maxl.Tijrr.  heaving  pressure,  suctiOHa 
and  combinations  ot  these  l.'j  Potter's  flint  [20]  at  various 
densities  do  not  appear  to  satisfy  completely  a  self  consistent 
theory.  These  experiments  showeij  that  the  maximum  heaving 
pressure  in  a  fully  saturatod  Tmtfrlal  w.is  grctati^r  by  a  (actor 
of  approximately  two  than  the  maximum  suction  when  heaving 
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stopped .  Such  comparlten*  are  of  practical  Inportanctt  i 
■oils  In  the  field  daMturau  under  suction  as  (Ud  the  Potter's 
flint. 

The  active  area  at  the  Ice  water  Intsrfu*  It  now  thought  to 
decrease  as  desaturatlon  takes  place.  ea^tylitQ  the  larger 
pores.  This  may  account  for  the  suctions  being  lower  than 
heaving  pressures.  As  desaturatlon  occurs  the  penneablUty 
Is  also  greatly  reduced,  making  oquUltelun  difficult  to  evalu- 
ate .  In  light  of  this,  valid  comparisons  would  seen  lobe 
possible  only  so  long  as  the  material  stays  fully  satursted; 
nonethcl'  ihu  Held,  desaturatlon  cannot  be  avoided. 

At  equil.ifium  the  rate  ol  melting  equals  the  freezing  rate. 
Thus  the  free  enenTV  ol  ;ce  equals  thi-  tree  energy  of  water  St 
the  Ice  water  interface .  It  foUows  that  the  reversible 
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Considen.^g  the  freezing  plane  to  be  In  a  porous  rr.ate- 
rlal  [15]  apparently  permits  three  possible  cases  In  the 
physical  application  of  pressure  to  the  two  phases  of  atmos- 
pheric pressure:  The  pressure  is  on  the  Ice  only,  thus  the 


pressure  change  in  water  Is  zero  and  hence, 


AP„  Is 


sero;  or  (he  pressure  is  on  the  water  only  and  the  pressure 
diange  on  the  ice  is  zero  and  hence,  is  zero;  or  the 

same  pressure  is  applied  equally  ic  uoih  ph'jses,  which  was 
the  caaa  prafenad  previously  by  the  author  121} ,  Henoe, 


(9 


AasuBlno  that  heaving  pcassures  resulting  from  loa-lanalng 
do  not  Influence  the  prassura  In  die  water  phase ,  then 

APyy  equals  sero.  Combining  the  resultant  equation  with 
the  well-known  form  of  die  Thomson  equation  [22]  leads  to 
Everett's  relationship  which  gives  tha  limiting  haavlng 
pressure  In  terms  o(  pore  radius. 


'iw 


r  la  fba  radius  of  dia  smallaat  amatrtctlon  of  the  pom, 
and        la  fha  Iniarfaclal  energy.  In  tha  sane  way,  in  tha 
case  for  sero  pressure  on  the  tee  and  negative  pressures  la 
the  water,  the  limiting  suction  iAPy,  Is  negauve)  is  given  by 

2g.„        2.22  a.. 


Iw 


'p|  la  tha  danalty  for  loa. 


(5) 


(4) 


Everett  has  made  some  estimates  using  the  author's  pub- 
lished results  for  Potter's  flint.  Based  on  this,  along  with 
other  substantiating  evidence  for  porous  solids,  he  claims  iho 
theory  to  be  consistent  with  cxp'cr'.mcntol  results  at  least  for 
heaving  jiri'ssures.  A  lar:;i'  :  rr  ■   ^  3    range  in  the  material  is, 
hnwi-vor,  a  drawback  In  n.jt.irn  :,jL.r^:us  comparisons  of 
V.,.  .,1-,-.  exp<.'nments  with  th^:":ry. 

Pressure  rr.easuren-.en."  =  v/tjo  n:j.l-_  iurtng  early  work,  on 
frost  action  In  a  frcs-.  cel.  i):  pru  fituL  I  1  ■•  _        [w  .^lleront 
size  fractions  of  Po'ier'a  flint.   Tne  ptedoinlna.Tt  poce  sizes 
wore  detcrr-,  irri  b,  v.rj;er  release  curves  (Fig.  9).   Flxlr.g  the 
pore  rodl-s  oi  ihe  ime;  material  at  1 .47  ft  and  at  25  erg,  L;q  cm 
for  ,  ('')  predicts  a  maximum  heaving  pressure  ol 

350g/:uj  .;m ,  'A-hereas  the  actual  measurement  at  saturation 
gave  ^;     a  s  i  .  n  .   Taking   9(j  as  the  predominant  pore  radius 
lor  the  coarsur  :rdcticn,  the  predicted  value  Is  5S  as  against 
the  measured  value  23  g/sq  cm.   More  substar.tlatlng 
evidence  Is  stlU  required  but  these  results  are  ol  the  right 
order . 

As  refi.'jemer.ts  are  develop-ed  in  measuring  pressures  and 
sucticns  a.iin<.:lalcd  with  Ico-lonsing  In  porous  material,  iH 
reliable  value  for  (jj^   and  how  it  i3  mflue.-.ced  by  tetr.peratiire 
and  foreign  matter  will  be  of  great  assistance.   At  present, 
values  from  10  to  Ai  erg/aq  cm  may  be  found  In  the  literature. 
The  difference  between  Ice -water  and  air -water  interfaclal 
energy  accounts  for  the  lower  pressure  pore  entry  by  Icc  , 
provided  that  the  temperatoro  Is  consistent  with  (2). 

Finally,  a  point  by  Everett  [8]  should  be  stressed  regarding 
the  difference  in  pressure  exerted  by  a:',  ice -lens  and  that  of 
an  ice  crystal  confined  In  a  p<3re  .    The  value  lot    1/r   In  the 
equations  above  should  be  replaced  ay   1/r    -    l/Tl   where  i 
Is  the  radius  of  the  constriction  leading  from  the  pore  and  R 
the  largest  radius  oi  the  pore.  After  the  lens  Is  established, 
R  is  large  and  the  tern  l/R  maybe  neglected.  Thus,  the 
potential  heaving  praaawea  are  always  greater  after  the  lens 
has  formed— a  point  to  remember  In  tha  study  of  deterioration 
of  porous  solids  by  (rosi  action,  which  nniathiaait  in  Mnalon 
bafOfa  an  loa  lana  can  be  eatabUahad. 
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Tbm  •vOwr  haa  tean  vranMd  panUMlan  by  Ih*  pubtlihart  to 
leivbit  figwea  (lOqvn  tumb&rt  btOamt  to  this  artleto)  fina  hu 
previous  articles .  Ttgme  eowvea  are  given  below  or  keyed  to 

the  prcpriMo  rrli-wr.rf:  Pigs.  1  and  2  [3];  Fig.  3,  Highway 
Rosoiifch  Board  Bull.  i67 .  p.  I,  1961;  Fig.  4  r>9.  7  [H]; 
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FUNDAMENTALS  OF  THE  THEORY  OF  FROST- HEAVING 


SHUNSUKB IMCMSI.  U.S.  Anny  CeM  RaglOM  RaMaieb  and  bvlMMliig  labonloiy 


Barllar  rMMHohara  of  lh>M>bMvlng  C 1 ,  2l  have  shown  that  the 
MUM  of  ftoit-hMvlng  Is  the  fomation  of  ice- lenses  in  the 
Mill  and  that  a  thin  water  layer  must  exist  between  soil  partl- 
clat  and  ice  so  that  the  ice-lens  may  be  segregated  from  the 
soil.   Existence  of  a  thin  water  layer  between  soil  particles 
and  Ice  Is  not  yet  confirmed  by  experiment,  but  at  present  its 
aadstence  is  still  strongly  believed. 

Theoretical  problems  following  from  these  earlier  findings 
are:    (a)  How  and  why  does  the  thin  water  layer  between  soil 
particles  and  Ice  segregate  ice-lenses  from  soils?  (b)  Where 
does  the  energy  of  heaving  the  weight  on  thi-  :ce-lens  oona 
from?  (c)  How  Is  the  pressure  gradient  tJial  sucks  water 
through  accumulated  soils  to  the  freezing  front  set  up? 

Jackson  and  Chalmers  [3]  and  Martin  [4]  have  proposed 
that  the  supercooling  of  walnr  i?  thi'  orcryy  conrco.  However, 
their  view  conflicts  with  the  9cr.ora;iy  understood  fact  that  if 
a  piece  of  ice  exists  in  the  water  systi^n  the  metastable  state 
ol  supercooled  water  ceases  and  a  stab)<'  frecilng  process  is 
realized.    Tho  cliffrrcricc  bPtiA'crrr.  !:ii[;nrrOfil i ny  .'\nd 
freezing-point  dpprcssior.  is  discussed  In  detail  el  scwhcre  Li]. 

According  to  classical  (cquijibriun)  thermodynaTiics,  th(? 
Glbbs'  free  energy  of  water  :s  namtained  at  tne  sarne  valje 
durlncj  the  phase  change.    Therefore,  the  work  of  frost- heaving 
cannot  be  provided  if  the  whole  system  is  at  the  texperature 
of  stable  freezing.    This  fact,  however,  docs  not  necessarily 
load  to  l.'ie  Introdjctlon  of  supercooling  a.s  the  energy  source 
of  Iro.st- heaving .  A.s  explained  later,  it  irreversible  (or  non* 
eqailibrlura)  thermodyr^amici  is  used  instead  of  clas-ilcal 
equilibrium  |h<.rmodyr.flniir.s ,  on  the  (jresuTnptlon  that  the  tHI* 
perature  and  pressure  gradients  in  the  water  mjt.t  be  con- 
sidered. It  is  shown  without  dilfi<:u!ty  that  the  energy  source 
is  th<j  so  called  Ifltent  hcot,  or,  norr  exactly,  the  energy 
faloa srcf  wh'"i  l.q  ..1  water  l>rt;omrs  Icc- 

Cass  and  MUli^r  LfcJ  hove  suygcstcd  that  the  electric 
double  layer  Sdrrounding  sol',  particles  wii;  explain  the 
function  of  the  thin  water  layer  bef^'een  soil  particles  ar.d 
Ice-  However,  as  explained  m  this  paper,  the  thin  water 
layer  exists  as  a  result  o.'  adsorption  by  both  soil  particles 
and  Ice.  even  though  solutes  may  not  exist  m  the  system. 
The  electric  double  layer  does  not  necessarily  represent  the 
actual  physical  sitaations.  but  is  nothing  more  thBR  A  nodvl 
to  understand  the  mechanics  of  frost-hesvlng. 

Gold  [7"  and  Everett  ,8]  have  used  the  classical  equilibri- 
um thermodynamics  to  colcul.ite  tht»  pressure  of  ice  necessary 
to  propagate  ice  thiou'gh  the  p<ir<!5  o(  the  soli.    Howi-ver,  H 
the  temperature  gradient  is  neglectwd  to  validate  the  use  of 
classical  equilibrium  thermodynamics.  11  will  bi-  almost  Im- 
possible to  show  the  effect  of  the  temperature  gradient  on 
frost  heaving  [9].    It  is  obvious  that  the  reasonable  appnMOh 
to  the  problem  is  ih«  use  ol  Irreversible  (nonequillbrium) 
thermodynamics  intlMd  of  1h*  elMilml  a^ulUMtm 
thormodynamiqs. 

Ruckli  developed  a  frost-penetration  equation  llO,  U], 
and  luxlkls  [  12]  solved  it-    Their  approach ,  however.  Is 
r.athet  err.pirica I .    An  important  role  that  is  irr.posed  on  theo* 
retical  research  at  this  stage  is  to  provide  the  empirical 
■tiidlaa  with  a  dMipar  Insight  laio  tha  phaoMima  of  ftoit- 
hM^ytng. 
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wara  oanlotf  at  tha  ffiewlng  surface  of  the  lea.  The  contact 
aiM  and  tho  rata  of  growth  of  the  ice  wara  considered  as  the 
important  factors  for  selectlrtg  caiilad  particles-   For  sim- 
plicity, the  Ice  surface  in  Fig.  1  Is  assued  to  be  a  horizontal 
plana  even  Immediately  below  the  floating  particle. 

It  is  recognized  that  a  thin  water  film  must  exist  between 
a  particle  and  the  growli^j  surface  of  the  ice-    The  thin  water 
film  is  supposed  to  have  a  deflrute  thickness  determir^ed  by 
the  chemical  composition  arxi  molecular  structure  of  the 
particle's  surface,  the  temperature  and  temperature  gradient, 
and  probably  some  other  unknown  factors.    This  definite 
thickness  must  be  maintained  even  though  a  part  of  the  thin 
layer  Immediately  above  the  ice  may  be  frozen  to  ice.  Thus, 
the  thin  water  film  is  always  replenished  by  water  that  comes 
downward  circumventing  the  particle  and  becomes  lc«  immedi* 
ately  beneath  the  particle.   The  existence  of  this  thin  water 
film  has  not  yet  been  experimentally  veriiii-d,  but  :t  must  be 
assumed  in  order  to  explain  the  fact  that  a  particle  c'ln  stay 
at  the  growing  surface  of  the  ice  without  beiny  cogulfe  i  by  it. 

This  thin  water  film  has  an  extraordinary  property.  Since 
the  weight  of  the  [^artlclo  is  sustained  by  the  thin  water  film, 
it  has  a  resistarK:e  ayalnst  shearing  force-   Therefore  Pascal's 
principle  for  hydrostatic  pressu.-.  r.r.n:.  rtot  apply  to  this  thin 
water  film.   This  view  may  be  suppor.ed  by  the  following 
quotation  from  Heruuker  [  14,  p.  333 j: 

Deryagin  [  1 S ,  16]  showed  directly  that  water  Is  rigid 
In  thin  layers  rvear  surfaces  of  soUda.  He  measured  the 
andulus  of  rigidity  of  water  in  layers  up  to  I SOO  A  thick 
between  a  convex  lens  and  a  flat  surface«  The  modulus 
was  calculated  from  the  damping  of  torsional  oscillations 
of  the  convex  lens.  These  experiments  showed  that  films 
3S0  A  thick  had  tha  rigidity  of  aiatalUc  lead ,  Deryagin  [  1  fl 

In  mwBurtug  the  dlatsnea  between  a  quartz  lens  and  a 
quKtK  ptoto  hy  aiMna  of  Newton's  rings,  Evarsoie  and 
•nd  Lohr  llH  showed  that  a  layer  of  rigid  water  existed, 
which  suRpoitod  the  welgiht  of  the  disk .  This  was  based 
en  the  obseivatlon  of  a  shift  of  i  oo  a  when  water  was  In- 
bMwMB  the  quam  fsMs.  They  oonsldersd  (het 
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the  effect  could  not  be  due  to  osmotic  pressure  slnca  flw 
presence  of  lons  In  the  water  had  no  effect  on  film  thick- 
ness.   Elton  [  19j  repeated  the  experiments,  but  coneludsd 
that  any  stable  film  must  t>e  less  than  2i  A  thick. 

Terzaghi  [20]  allowed  water  to  evaporate  from  between 
glass  plates  and  found  that  evaporation  •topped  whttll  the 
plates  were  lOUO  A  apart.    Tills  Indicated  Owttlie  IblOe  ill 
the  liquid  extended  to  at  least  500  A. 

A  theoretical  basis  (or  understanding  this  extraordinary 
property  of  the  adsorbed  water  is  explained  es  follows:  The 
■implest  boundary  between  two  substances  is  the  aurteoe 
toyer  between  «lr  end  a  llQuid.  The  rapid  molecular  atotlon 
m  the  air  permits  the  ateumption  that  the  air  la  homogeneous 
up  to  the  interface.  In  the  liquid  side  of  the  lntarfaoa<  a 
heterogeneous  surface  layer  exists.  The  degree  of  hetero- 
geneity Is  greatest  at  the  interface,  gradually  decreases 
inward,  and  disappears  when  the  homogeneous  free  lit^uld 

15  reached  at  a  certain  depth,  which  may  :x'  ca!le:l  t.^e  depth 
of  the  surface  layer.    The  change  of  heteroq cre-.ty  with  depth 
In  the  surface  layer  may  be  expressed  In  terms  of  mechanics 
(Fig.  2).   According  to  a  principle  of  mechanics    the  force  on 
one  side  of  a  boundary  Is  eqjal  to  the  force  on  the  other  side 
of  the  bour.dary.    Therefore,  the  corr.porjerts  of  stress  referred 
to  planes  P'arallel  to  the  boundary  change  continuously  when 
the  point  to  which  the  stress  Is  referred  crosses  the  boundary. 
However,  the  co.Tjponents  of  stress  referred  to  planes  normal  to 
the  bC'undary  nsy  rjDt  ch,inge  contmuo-sly  when  tne  point  to 
which  the  .stre.-if,  is  refened  crosf.e.i  the  bour.lary. 

In  Fig.  2  the  lotce  p  on  AA  In  the  iilr  .'nde  im  equal  to  p  on 
DD  m  thu  watm  sidn.    Howt-vcr.  accorair.g  to  ihe  theory  of 
surface  tfr.sicr.  .21]  .  p  on  AH  in  the  ait  sidi'  j  s  t-xit  cqiial  to 
the  rxjrmol  stut-is  on  CD  m  the  water  side.    The  presMure  on 
CD  H  -imflller  than  p,  say  by  Ap.    The  difference,  Ap,  be- 
come.s  smaller  as  the  point  under  consideration  joes  downward, 
and  disappears  inside  the  homogeneous  Itee  liquid.    The  IntP- 
grstion  ol  Ap  over  the  depth  of  tho  surlace  inycr  yields  thr. 
surface  tension  [2!].    Therefore,  Pascal's  principle  for  hydro- 
static pressure  does  not  apfily  to  the  hotorogoneous  liquid  In 
the  boundary  layer  between  air  and  homogeneous  free  liquid. 

The  heterogeruty  in  the  surface  layer  Is  a  result  of  the 
preferential  orientation  of  liquid  molecules.    In  the  homogene- 
ous free  liquid,  the  force  on  the  molecules  is  uruform  In  all 
directions,  and  the  molecules  are  randomly  onented.  However 
the  force  pulling  molecules  at  the  surface  layer  Into  the  liquid 
has  a  different  value  from  the  force  pulling  molecules  parallel 
to  the  boundary,  and  the  molecules  in  the  surface  layer  are 
oriented.   Therefore,  a  non-Pascallan  state  of  stress  must  be 
expected  In  every  surface  layer  where  surface  tension  comes 
into  play,  not  only  on  the  liquid  side  of  an  air- liquid  interface 
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but  also  on  the  liquid  side  of  a  liquid- solid  interface. 

It  Is  supposed  that,  even  though  soil  particles  do  not  exist, 
a  thin  water  layer  remains  on  the  surface  Of  ice,  although  its 
existence  Is  not  directly  shown  by  experimentation  [22  to  27]. 
The  thin  water  layer  between  soil  particles  and  ice  exists  aa  a 
result  of  adaorpuon.  or  molecular  force  distortion,  on  the 
■uifaee  of  both  the  loU  pamelea  sad  lea. 

ENCRGETICS  OF  FROST-HEAVING 

First,  only  the  essential  factors  for  frost- .".eaving  will  be 
considered.    From  the  theoretical  standpoint  In  ihi.i  p^aper,  the 
existence  of  soiis  is  not  essential  for  frost-heaving.  The 
function  of  soils  in  frost-heavmg  are  as  follows:    (1)  At  the 
freezing  front,  the  ihm  layer  of  water  that  exists  beweer.  soil 
particles  and  ice  segregates  another  layer  of  ice.    (2)  The 
body  of  ice  accumulated  In  this  way  above  the  thir.  l.tyr  of 
water  i.s  pushed  up'A'aid  by  the  succonslve  segreg.itlon  ol  Ici^ 
from  the  thm  layer  of  v/ater.    The  soli  Ix.meaih  Iho  thin  layer 
ol  water  sustains  the  welyht  of  the  body  of  Ice  plus  the 
weight  of  soil  above  the  Ice  and  the  weight  of  overburden,  if 
any .  on  the  ground.  (3)  Water  p«rcol«ta8  thTOugb  poraa  to 
the  freezing  front. 

For  our  mathematical  analysis,  consider  a  segment  of  the 
freezing  system,  as  represented  in  Fig.  3.    Suppose  there 
exists  a  tl:.;_      ,  "I  of  iOll  on  t.he  tixeci  plane  3B,  which  can 
sustain      Ill  ;>.'.',  -i  weight  as  we  liWe.    The  thin  layer  ot  wat« 
)u.Ht  abovf        'jiii;  layer  of  .loU  on  plane  BB  will  segregate 
ice  ;f  there  .a  an  appropriate  f.upply  of  water  from  below  and 
of  cooling  from  above.    Plane  AA  Is  at  A  temperature    0  C: . 
space  AA-SB  is  tilled  with  Ico,  and  plane  CC  is  jn  water  ot  a 
temperature  >0°C  and  at  a  pressure  .'iutticient  to  Iceep  water 
In  space  CC-BB  rnOv;r.g  upward  to  niplacc  the  water  that  in 
freezing  rr.oves  across  the  fixed  plane  BB.    Thus,  the  functions 
(2)  and  (i)  ate  fulfilled  without  the  existence  of  bulk  soil.  The 
function  (1)  performed  by  the  thin  layer  of  soil  on  plane  BB  may 
b«  considered  as  a  property  of  the  geometric  plane  BB.  In 
other  words,  we  may  suppose  that  It  is  at  the  geomertlle  plana 
BB  that  water  from  below  Is  frozen  to  Ice,  which  is 
successively  pushed  upwards. 

Summarizing  the  results  thus  far,  the  essential  factors  for 
frost-heaving  are  (I)  the  existence  of  a  segregating  agent  with 
the  faculty  of  sustaining  weight,  (2)  a  water  supply,  and  (3)  a 
temperature  gradient  with  ede<]uately  low  temperature  at  the 
top  and  adequately  high  temperature  at  the  bottom.  All  other 
factors  related  to  (rost-heevino  are  not  essentia)  because, 
theoretically,  frost-heaving  can  take  place  without  them. 
However,  none  of  the  three  essential  (actors  mentioned  above 
can  be  neglected.  If  even  otw  of  them  is  negloctad.  frost- 
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hMving  cflnnot  take  place.    T;u'f  !;ii? ,  instead  of  the  classi- 
cal thermodynamics  where  only  the  equlthermal  process  is 
considered,  the  Irreversible  (or  nonequlllbriunO  thermo- 
dyrvomics  [28.  29,  33 j  must  Ix;  used  to  understar/d  the 
•••enlia!  process  in  frost- heaving. 

Use  o(  the  classical  equllbtium  thermodynomlcs  can  explain 
oniy  nonessential  secondary  effects  oi  Irost-heavlng.  Evan 
though  the  temperature  gradient  Is  smell,  it  cannot  be  ne- 
glected to  validate  the  use  of  equilibrium  thermodynamics  to 
obtain  the  explanation  of  the  essential  physical  process  of 
(rost- heaving .  This  situation  may  be  explained  in  another 
way  by  the  foUowinq  example  from  mathemaucsi  When  we 
are  concerned  with  the  measurement  of  length  of  lines,  an 
Inflrutely  short  line  segment  must  not  be  Identified  with  a 
point.  An  infinitely  short  line  is  still  a  one-dimensional 
•nUty.   Connection  of  «  finite  number  of  points  cannot  form 
B  Une  segment  however  short  it  may  be. 

It  Is  interesting  that,  since  the  ice  surface  ir.  Fig.  1 
(Corte's  exp<jrimenO  is  assumed  to  be  a  horizontal  plane  even 
Immediately  below  the  floating  parllr-le,  the  freezing  point  of 
the  thin  water  layer  between  i-.t-  particle  ar/d  the  ice 

In  Fig.  1  Is  0"C.    If  the  ic-.-  ■^n-lnc;  i^-^:  below  the  Uoaiing 
particle  Is  concave,  thf  ir'-.-.-my  point  of  the  thin  water  .ayer 
With  concave  form  is  lnv.-.-^r  t-,ar.  O'c.    But  this  effect  is  sUll 
■  nonessential  sozor.djp/  coTipIication. 

The  dlfferenua.  eqij.itions  ijovemi.ig  the  simple  irost- 
heaving  in  Fig.  3  ar._-  .:-asily  formulated.  The  equation  Ol 
continuity  of  water  between  planes  BB  and  CC  Is 


wbm     Is  tiM  dCBitty  of  «MMr,  v  th*  vtloetty  of  vnim  Oom, 
t  tiM  tin*,  and  s  the  eoordtmta  diraeMd  upwMd.  th*  dmtltr 
Uiji  It  a  ftuwtkm el  pcMiim  (|4  and  tanpamtm  {tjiotibm 
watar.  Td  ata^tatt  liw  aaalyala,     la  aaauaad  to  ba  i 
Iharaton.  comwcUca  deaa  net  taka  pteoa.  Than  CD 

Therefora.  v  la  a  fanctloa  ol  t  only 

V  •  v(t) 


(39 


(3) 


la 


Th«  aquation  of  laotlon  of  watar  batwoan  plana*  U  and  CC 


••.••l«-*w(?t-l:) 


wliara«latliaaeoalatBttanef«ia*lty.  UaaoftH 

(4)  to 

Tha  aquation  for  tha  balaaca  of  anaisy  la 


(« 


(S) 


<«» 


whara  u  ii  tha  IMamal  aoaigy  par  unit  Maa  of  watar,  d/dt  it 
iha  oparetor  eallad  Htm  aubatantial  tlna  dadwattva  t99.p,  9S] 

defined  by 


du  _  du  du 

dt  ■  rr  * 

and    Is  the  flow  of  haat 


in 


In  whl^     la  Ilia  tanpamtui*  of  water  and     la  the  beat 
oondueuvfty  of  walar.  By  uae  of  UH.  |7) .  and  M .  (6) 

baoooMS 

•rttara  K«y  it  aasumad  to  be  constant  for  simplicity.  Tha  intar- 
nal  enaryy  (td  nay  ba  aasumad  to  ba  a  llnaar  functioa  of  |^ 


with  oonatant  Id. 


(91 


-■  '■  *  »-=  "w  — 


(1(» 


(10 


dlffvalWtr  of  wetar  defined  by 


where     ia  tha 

*  "w^'^w"  ■  ^  aubatanUal  tine  darivatlvn  of 
appear*  at  the  left-hand  side  of  (11) ,  bacauae  tha  point 
under  oonaldentlon  novea  at  velocity  M .  In  tha  thaaiy  of 
heat  oonduetlon,  (11)  ti  celled  flie  equation  of  heat  eonduc- 
tlonlaenovl«Bnedlum(31,  p.  318].  However,  the 
bounduy  value  ptoUen  of  thla  type  of  equation  la  not  yet 
eolvod. 

the  Ice  that  la  locetad  above  ptaie  88  awvea  upiraRl  ea  e 
whole  at  the  velocity  at  which  lee  la  tented  on  plane  BB.  let 
h(d  be  thm  thlekneaa  of  tte  loe.  Then 


dh 

whore  p.  la  the  denatty  of  lee.  Heat  conduction  In  this 
moving  body  of  Ice  Is  governed  by  die  aquation 


(12> 


(la) 


 8t  Is  tte  tsnpetetuie  of  loe  end     Is  tha  thannal  dlf> 

ftialvlty  of  ioe.  end       is  the  abbreviation  of  db/dt.  the 
requlremant  that  the  entropy  production  must  be  positive  at 
any  price  end  at  emy  tine  la  aeUsfted  by  the  eesunptien  that 
the  leaipeatiM  In  Fig.  3  la  daenselnB  upufeid. 
Bealdee  the  boundary  oondltlona  of  tenMeatun  that 


.  <0*C  atM 


•v  >  B*C     at  88 


•l- 

and 

8iw  -  const.  >0°C  at  CC 


(14) 


(la 


(to 


there  is  an  equation  for  energy  balance  at  the  ix:.^:  d.^iy  25, 
The  energy  that  remains  at  SB  as  a  liaian::!-  oi  -A-..-  ••.-r'tgy 
coming  from  below  and  the  energy  going  upw.iii;  is  equal  to 
the  work  done  at  BB  to  push  up  the  weight  on  BB.    Let  dh  be 
the  irvcrease  of  h  during  the  time  interval  Idt) .  Then 

(^)b*    (^jj"*  *         at  -  P|(u|dii» 

•  (ll,flh4^«itdh 

where  K.  is  heat  conductivity  of  Ice  and  w  is  the  weight  of 
overburaen  per  unit  area.  Than,  dividing  dt  and  using  (12) , 


.j^  "i  rt'"w-  "i' 


dh 


'  (P.9h  ^  w) 
From  thermodynamics. 


(17) 


(1« 


{-•S)-(v^) 

where  U|  le  iMamel  eneigy  per  unit  aiaes  of  ice  aad  L  la  tha 
latent  heat  aad     is  the  preeeura  at  BB  (Fig.  D. 
By  use  of  (in ,  (17)  efhangas  to 
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ThmfaM  uttnv  • 


(6  dafliMd  by 


Equation  (20)  nay  bs  written 


we  have 


(lat 


(20) 


(30 


by  MM  «f  Us) . 

DUTMimlfal  •qinttons  (11)  and  (13}  muat  ba  aelvad  undar 
the  boundary  eondttlona  of  (14) ,  (19 ,  (10 ,  WH .  and  (21) . 
than  tha  praaawa  o(  watar  naoaawy  la  kaap  watar  Oswlnt  ia 
daMcmlaad  by  (S) .  Howavar.  baeauaa  of  tba  mttaintlQal 
dlffiettltlaa  lawelvad  In  thla  boundary  value  proUan.  dw 
■eluuein  la  net  yat  ebtalnad. 

Although  tha  aolutlan  la  not  yat  abtalaad.  tha  analyala 
■towm  abeva  haa  vary  intaraatuig  laipllcatlwia.  Flrat.  tha 
latent  haat  t  !■  tndudad  togMlhor  wUh  work  tatma,  iueh  aa 
Pjgh,  w,  ate.  Ihan  it  la  avldanl  that  tha  latamt  haat,  or  nnra 
axactly.  tha  aaaigy  lalaaaad  whan  watar  baoomaa  lea,  la  the 
aoiaoa  td  weifc  In  fimat-haavlng, 

TMa  fact  a«y  ba  directly  aiiown  tnm  Fig.  4,  to  a  certain 
tUia  imacval  (dd.  the  thleknaaa  (dha)  of  vntar  la  fnaan  to 
form  the  thlckneta  (dh|)  Of  lea-  Ihao 


(22) 


The  thickness  (dh,^  and  rihj)  ar«j  assumetl  to  be  mliuue 
to  simplify  our  analysis-    Temperatures  at  AA,  B]Bi,  B2B2, 
and  CC  are  constant.    Thorefore.  the  temperature  gradients  at 
B|8|  and  8362  arc  dUIeivnt.    However,  since  dh,  1.1  inflni- 
tesltnal.  we  may  assume  that  the  temperatuie  gradients  are 
the  same  for  both  cases.    Then,  the  only  dllforonce  in  the  two 
case*  in  Fig.  4  is  the  thickness  of  Ice.  Therefore  the  energy 
releaaad  In  the  awnaa  la  oaleulatnd 


•^dl|^(u 


«l> 


where  use  it  made  of  (22)  and  (l9« 

Coiraetly  apaatung.  we  are  not  oonaldailnQ  the  latent  heat 
(I)  nentlened  above  aa  the  ewvy  aowca  of  fkoat-heaving . 
The  eneivy  aowce  of  ftoat-heavlag  la  the  eneigy  released 
during  the  phaaa  change'  A  pert  of  ftla  eneivy  la  given  out 
aa  work  In  aeeofdanea  with  the  etreumataneea.  and  the 
reaMlning  part  la  loat  aa  haat.  If  the  expanalon  of  wviar  to 
lea  agalnat  atnoapttaile  pceaauie  la  the  only  work  neeeaeary 
for  tha  ^nga  of  gliaaa,  tha  latter  It  tha  latent  haat  (I) .  aa 
la  clearly  shown  by  a  transformation  of  (It) 


A 

1 

c 

Fig .  4 .  An  axi»lanatiaa  of  tha  energy  aouree  for  fmat  haevlng 
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II  other  work  is  necessary  for  the  change  of  phase,  the 
portion  for  work  wii;  increase  and  the  portion  lor  heat  will 
decrease.    It  is  quite  Impressive  to  realize  that  1?       ;:>-  of 
energy  were  conpletely  given  out  as  work  ,  it  will  heave  a 
34.  2  km  of  water  column  by  1  cm. 

In  r,ature  the  situation  is  much  more  complicated  than  the 
simple  frost-heaving  introduced  herein.    For  Instance,  water 
flows  through  poren  rtrnong  soli  perticlfs.    At  thf?  fiarn«  time 
heal  also  flows.    If  the  soil  is  not  ;:oturotp;l  with  wator.  air 
flow  is  also  taking  place-   Such  a  complicated  flow  as  de- 
scribed above  cannot  be  formulated  with  present  knowledge. 
If  this  conpHcatod  flow  is  formulated  in  the  future,  replace 
(l)  and  (4)  with  the  new  equations  thus  formulated.    Then  we 
can  have  a  more  practical  solution.   At  present,  the  simple 
frost-heaving  Introduced  Is  the  only  one  that  can  be  analyzed 
exactly.  Iha  tlmple  fiott-haavlng  imrodttoed  mutt  ba  tolved 
ao  that  the  effective  enpMoal  apgieaeh  can  be  tadleated. 

Anobfeetlve  of  ttie  analyala  of  tha  boundary  value  Kohlam 
fonaulatad  above  la  to  dataoalna  under  what  eondttlona  the 
aolutlon  doea  axlat.  If  tha  telwtfoa  la  ebtalnad,  tha  par<- 
ceaiage  of  L  whioh  dnngaa  to  work  can  ba  datetadnad,  Ihla 
releaae  of  energy  during  phaaa  change  In  alnpla  fimat^wavljio 
It  flia  moat  afOclant  poaalhia  far  froat-haaving,  baoauaa  all 
the  realataneaa  ere  elladnated  In  thla  analyala.  Bvary  conipU- 
catlon  diat  muat  be  inboduead  togat  a  mora  piaetloal  aBluHea 
wlU  add  aome  kind  of  lealatanoa  and  will  dactaaaa  Htm 
effleleney. 

It  nust  aloe  be  polnlad  out  that,  without  knowledge  of  the 
piopeitlea  of  tha  thin  water  layer  between  aell  partleloa  and 
ice,  even  tha  aolutlon  of  the  mote  practical  lomulationa  ob- 
tained by  Indoduelng  the  exlatence  of  aolla  Info  the  alaiiple 
float-haavlng  will  not  give  perfect  knowledge  of  fteat-heavlag. 
Tha  aiBttmnatieel  atudy  propoiad  herein  will  ptovlde  a  litama* 
woik  that  Biuat  ba  aubatantlBted  by  the  knowledge  of  the  thiii 
water  tlla  and  of  aoaia  other  cenpUcatlona  that  will  ba  intto* 
duoed  when  ioila  are  ialrodHead  into  the  ainple  boaMieavlao 
eonaldared.  Wbian  tiaaio  taaka  ara  all  achieved,  we  eball 
have  perfect  undarstendJng  of  ftoat-haavtag. 
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(A)  A.  ASSUR— Takagl's  theory  of  frost-heaving  is  consistent 
In  Itself,  but  Incorporates  tacitly  an  assumption  which  makes 
it  quite  different  from  actual  frost-hcavlng  In  the  ground. 
Takagl's  (18)  clearly  Implies  that  the  pressure  to  which  the 
Ice  Is  subjected  is  the  same  as  the  hydrostatic  pressure  of 
water'  before  it  is  transformed  Into  ice.  This  is  equivalent  to 
the  assumption  that  the  Ice  and  overburden  In  Takegi's  Tig.  3 
is  directly  supported  by  the  water.  Actually.  It  is  supported 
by  the  hydrostatic  water  pressure  and  tho  intergranular 
preeaure  (pg)  •  Under  the  sliBpllfylno  assumption  that  the  lee 
U  under  tha  hydroalatle  praaawa 

Pj  =  w  +  p^gh  (h.l} 
we  may  write  (Assur.  1963) 


Pfl  '  P,  -  Po  =  *  *  P^ah 

Wa  assume  that 
burden  (or  lea)  and  the 
la  Ilia 


Po 


U.2) 

■eta  hoih  on  tha  ovar- 
eancala:  tfaataian,  ln(K.2), 
ivaasin. 


Aa  aooB  aa  (A.  3)  la  Intnduead,  Takaal'a  OD  slnVUfiaa 
ooiisldaiably. 

We  otolB  Inalaad  e(  his  (19) 


Pi9h*  =  PjL 


Vo 

+  h 


Pi«h- 


.    .  e 
h-h  « 


AWravtotIng 


into' 


B 


and  subatttutlng  into  Ihkagl'a  (21l 

AQ  =  fKv  V  I  L  • 


dh 


to.  at 

(A.  4) 
(A.S) 

(A.  9 

(A.  7) 
U.CI 


howavar,  la  vaiy  smU 


wtthL. 


Usir.Lj  the  nrtcr-ky-scc  system,  the  latent  heat  for  normal 
Ice  is*  360,000  erg.'  ltg.    Assuming  tho  high  value  of  2  atraOB 
or  ro.jyhly  20  x  104  dyn.'sq  m  for  Fq,  Po/Py,  becomes 
20  erg/kg  which  is  negligibly  small  compared  with  L. 
KquBtlon  (A.S  than radiaeaa  to 


dt 


I, 


U.9I 


which  Is  self-evident. 

We  should,  however,  consider  Arvderson' s  di  scu.siijon  in 
this  volume  which  show.s  that  the  latent  heat  ol  ice  freezing 
In  soil  may  be  considerably  smaller  Chan  lis  customary  value* 

In  usirtg  (A.  8)  or  tA-9)  we  .should  consider  that  the  mass 

(low  of  Wflter  (p  vj  eju^il  to  the  left  sidp  of  the  e-iuntions 
w 

will  c(!.:iso  II  the  soil  ur-.dl.T  rhe  icu-luns  'a'iU  dry  o*«t.  The 
formation  Of  the  Ico-lons  slows  down  initially,  ar.d  (irjiliy 
frost  penetration  occurs  instead  of  ico-;ons  lormo;ior..  It 
should  be  noted  that  water  saturation  rather  than  density 
sho'jld  be  used  in  TaViagl's  continuity  equation  (1)  tivhieh  iOT 
real  soil  is  not  constant  because  of  dessicatlon. 

Takagl's  differential  equation  reduces  to  a  simple  expres- 
sion If  the  intergranular  pressure  at  the  plane  BB  Is  considered. 
His  model,  however,  which  lgix>res  this  pressure  has  at  least 
an  academic  Interest  In  Its  own  right.   With  the  original 
model  as  such,  aoBM  further  eondueioiiB  based  en  It  am 
discussed. 

Takagl  correctly  states  that  mathematical  ditficjlties  are 
Involved  in  solving  his  basic  differential  equation  (21)  with 
the  boundary  conditions  as  stated.    Under  certain  assumptions, 
however,  simple  solutions  can  be  obtaiived  for  specific  cases. 
Equation  (A.  6)  gives  the  difference  in  heat  flow  conducted 
away  in  the  ice  and  the  heat  flow  supplied  bv  conduction 
through  the  water.  This  effecuve  heat  loss  Is  assumed  to  be 
consuni.  The  ice  aquivaleni  of  the  overburden  la 


w 

Pi  Pw 


U.10a> 


U.l01i 


la  Aa  latent  beet  edjuatad  tor  dw  interna;  energy  required  In 
anpandlag  watar  te  lea  under  the  preaaiKa  (p^ .  The  felkMHng 
enpfesiion  rasulta  tor  tha  ansa  flow  of  wetar  wwaid  tha 
toaalno  interface 


L  -  9  (h  ♦  w«) 


(A.IU 
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whit  li  :.'.:riiilY  States  that  the  mass  Mow  o(  water  toward  the 
Ireezlnij  interface  Is  eqjal  to  thf'  huflt  loss  divided  by  the 
latent  heat  adjusted  for  the  intornal  energy  required  for 
expsnstlon  during  the  change  r>f  sis^c  and  to  lift  ice  (h)  and 
overburden  (w)  .    Equation  [A  1  .1         interesting  inpUcatlons. 
Theorrjtlcally .  (h  +  w*1  co  jld  oe  suificiently  large  to  make 
ft^v  -  OD.  Tht-  demand  for  water  wo'jld  be  infinite. 

If  th«  lc*-l«ns  t*  «mall  dnd  the  overburdan  high,  (A.  11) 
laadato 


,1.*. 


-^2 — . 

If  th*  ovaibnidm  It  inall  (mar  Ih*  iHrtoed  and  tbm  loa- 
Imw  thlek.  h  cbimim  b»  dlsravactfad  vwaiu  w*,  althougfa  lioiii 
ean  b«  poaiiUy  dlansaidMl  varsua  L  /g.  EqiwUoii  U.  11) 
can  ba  wrtttan  aa 


of  variables  yiatds  upon  InMgXBtlOn 


h> 


i> 


The  choice  of  a  minus  sign 
by  the  condition  h  =  U  for  t  -  0. 

The  temperature  regime  required  to  cnointaln  =  const  can 
now  bo  OBlculatod  thooreUcaUy.  It  is  intaresttng  that  h  =  f  (t) 
■hoold  ba  vaiy  naarly  Uaaar  11 

1A_QL  <<  fi!  -  w\  U.18) 

By  taking  (ha  dailvauva  Idb/W  ef  tk.l4)  and  ••tting  tho 
laftaldaof  (A.I9  lo  aaie,  wa  obtain  tta  Unaar  <A.  12) . 
Bquatlon  U.  14)  oan  ha  ai(pmtaad  in  a  nondtnanalonal  way 

aa 


tVg-w' 


U.19 


where  is  shown  In  Tig.  A.  1  . 

In  order  lo  maintain  a  sense  o'  piopo; lion .  it  Is  neceaaary 
to  develop  a  feeling  for  the  magnitudes  Involved.    Uslrx)  the 
MKS  system  and  assuming  that  p-  is  2  atmos,  we  obtain  in 
U.IOH 


IjOi- 


2AQt 

Fig.  A.  1 .  Apptoxlmato  versus  rigorous  solution 
of  Takagl'a  aquation  (aaaiMing  i 
lots) 


18  «sr8/ks  versus  360,000  erg/kg,  which  can  be  safely 
Ignored. 

The  overburden  (w)  may  be  of  the  order 

w  >  2  X  lO'kg/m^  s  8  x  10^  dyna/m' 

which  can  be  safely  Ignored  versus  P^gh*      3.  3  x  10  in 
Takagl's  (19) .    Thl  s  leads  to  h*  *  37 ,  000  m.  The  Ice- lens 
may  be  as  thick       in  i  ra.  This  compared  with  37  km  could  bO 
Ignored.    Returning  now  to  Takagl's  (20)  and  ignoring  small 
magnitudes,  we  obtain  again  the  self-evident  U.9)  as  above. 

Fig.  A.  1  shows  the  deviation  of  the  exact  solution  from  an 
approximate  one.    Since  h  is  divided  by  roughly  37  km,  the 
rigorous  solution  Is  irrelevant  although  correct  for  the  model 
assumed.   The  model  itself,  however,  should  be  changed  aa 
stated  m  the  beginning  of  this  discussion.   Whether  the 
latent  heat  of  freezing  soil  water  is  the  sane  as  for  ordinary 
Ice  ramalns  to  ba  Investigated.  Interesting  surpflses  may  ba 
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problerai  have  to  ba  aolvadi  (l)  Hem  and  «rtiy  dooa  tha  tbin 
water  layer  between  aoll  particles  and  loa  sagregata  lce« 
lenses  from  tolls?  (2)  Where  does  the  energy  of  heaving  the 
weight  on  the  ice-lens  oome  from?  (3)  How  is  the  pressure 
gradient  that  sucks  water  through  accumulated  soils  set  up? 

On  the  first  point  tha  author  sayas  "Tha  axiatanoa  of  a  thin 
layer  between  soil  particles  and  lea  la  not  yat  eoafirmad  by 
experiment,  but  at  present  Its  existence  Is  still  ttionBly 
beUeved,"  end  "It  (the  thin  layei)  must  be  assumed  in  Oddar 
to  explain  the  fact  that  a  particle  can  stay  at  a  growing 
surface  of  the  ice  without  being  engulfed  by  it." 

My  own  view  of  the  Importance  of  this  film  Is  summarised  In 
the  following  quotaUon  [  1  ]:    "While  diffusion  in  a  film  of  this 
kind  is  necessary  to  provide  a  mechanism  for  the  phenoaenon, 
tha  thickness  of  this  film  and  the  pressures  existing  in  It  will 
be  controlled  by  the  bulk  equilibrium  conditions  (T,  p^,  p')  and 
will  vary  spontaneously  to  maintain  equilibrium  between  bulk 
and  surface  regions. " 

Takagl  discusses  briefly  the  existence  of  this  layer  in 
terms  of  the  forces  existing  in  the  surface  layer  (following 
essentially  the  Ideas  of  Bakker  [  2]  and  of  Haraslma  [  3]) . 
In  effect  he  emphasizes  that  near  any  boundary  between 
phases  there  must  be  a  heterogeneous  region.    However,  in 
ny  view,  he  Is  wrong  m  concluding  that  'heterogeneity  in  tha 
surface  layer  is  a  result  of  the  proforentlal  orientation  of 
liquid  molecules."   In  tho  case  of  water,  no  doubt  T.clcculjr 
orientation  will  play  its  part,  but  the  fundamental  arjumenta 
concerning  the  nature  of  a  liquid- solid  or  liquid-vapor  lnt«* 
!acc  can  be  applied  equally  well  to  a  liquid  consisting  of 
spherical  moleculaa  (a^g*  I  the  aoUa  gaaas)  which  oannot 

be  oriented. 

It  Is  m.y  opinion  that  detailed  discussion  of  the  .-.ature  of 
the  interface  between  ice  and  a  soil  particle  Is  not  of  immedi- 
ate importance  for  the  understanding  of  the  frost- heavirjj 
problem.    Migration  of  water  between  the  bulk  ice  and  the 
soil  particles  is  Indeed  a  necessary  mechanslm.    But  one 
might  well  describe  this  as  a    surface  diffusion"  along  the 
ice  surface  without  necesiarily  invoking  the  existence  of 
"liquid"  between  the  two  bulk  phases.    It  would,  of  course, 
be  interesting  and  useful  to  know  nvore  about  the  nature  of 
this  Interface,  especially  if  there  are  circumstances  it:  which 
the  migration  becomes  the  rate- determining  step  In  cxperlmeota 
on  the  race  of  frost-heaving;  but  to  pursue  the  semantics  of 
the  problem  In  the  absence  of  a  clearer  pbyalcal  < 
seems  hardly  worthwhile  at  the  moment. 


Copyriytvioa  iriaj-nai 


In  attmpUiig  to  Bnawar  tha  ••cond  qiwatlon  Takagl 
•xpntNB  vlowa  eontraiy  ID  thDM  put  forward  by  several 
other aufbors.  InclwiHiig  ChBlmnwid  myself.  I  believe 
his  vlflwa  aw  anDnaoua  far  raaamia  givert  in  detail  faakMr* 

Takagt  begins  with  the  aiataawntt  "Fta«  the  diwmUcal 
•tandpoim  In  Ms  paper,  tha  nclalenoe  of  soils  Is  not  atten- 
tlBl  for  toit>haavtBa«"  It  la  difficult  to  be  sure  of  the  mean- 
ing of  this  sentence.  Mkasl  sartainly  says  later  that  one  of 
the  assantial  fectors  la  "Iha  axlstanoe  of  a  segregating  agent 
with  the  faculty  of  sustaining  weight."  If  ha  would  inoluda 
within  this  catageiy  a  syatan  of  eaplUarlaa  (such  as  used  In 
my  slmpUflad  modaO  than  I  turould  agi««  that  piovldad  the 
oorraet  gaematflcal  conditions  exist  at  the  lecwatar  lntar> 
fcea.  than  it  decs  not  nattar  whaihar  ihay  ata  piovldad  fey  soil 
or  aoaia  ediar  sMdliun.  My  raadlng  of  dM  raat  of  tlia  paper.  In 
wfiltih  no  nMotlon  la  made  of  geoaiatilcal  faetera,  aiiggaata 
homvar,  that  dia  author  wishes  to  aMduda  tha  gaoowtry  of  ifaa 
intarkca  aa  noMaaantlal.  In  view  of  tha  aKpanmental  evl> 
danoa  that  tha  haavfag  piaaaafa  la  lolatad  to  the  particle  sua, 
and  alt*  dlstnbation,-of  tha  aali.  and  baoauaa  of  tha  i 
naotal  algnl&eanoa  attaehad  t»  thaaa  faoiora  tn  « I 
dynamic  dlacuaalon  of  dia  phonomaacn.  It  ta  ^HIDeult  to 
aooopt  Takagl'a  oplaloiia. 

IMa  laada  t»  tha  ftodamamal  confUet  wUch  la  faMugfitto 
a  head  tn  Tika^'t  ■tatamania  ttat  **ua«  of  claaatoal  ttanao- 
dynaadea  can  aaplala  only  dia  nonaaaanUal  aacondaiy  affiaota 
of  troft-haavtog."  and  "inataad  of  tha  otaaalcal  thamo- 
dynaadea  tahaia  only  tha  aqultharmal  pracoaa  la  conaldarad. 
tha  luavarslhla  (or  nenaqialibnuBA  thamodynantea  muat  ba 
uaad  to  tndarataad  tha  aaaentiat  prooasa  in  toat-haawmg.** 

Flrat  wa  can  elalM  that  when  formulated  in  tama  of  tha 
affinity  eonoapt  of  Da  Dander  L4] .  tha  haale  aigumanta  of 
elaaaloal  tbanaodynamlaa  an  not  In  any  way  Umitad  to  altif 
stlona  In  lafalch  no  gtadlanta  of  taaipantun,  pnaaura,  or 
ohamloal  potential  amat-attbouah  it  la  mm  dtat  moat  ehaml- 
cal  appUoatlona  are  eoncamad  with  ay  stasia  of  unifonn 
taaipantura  and  ptaasura.  Itowavor.  the  Important  Ust  la 
that  elaaaloal  tkanaodynaBtfea  will  ahnya  give  eonaetly  tha 
awxlmum  work  which  can  ba  obtained  In  tbm  limiting  condi- 
tions of  a  quasi-  statle  pioeaaa;  any  men  oomptata  troatmant 
tn  tama  of  IraavaralUa  pncaaaaa  muat  tand  to  thla  Uadt  aa 
tha  pieeaaaaa  eeeuMag  pieeaad  aioia  slowly. 

nia  ctlgln  of  tha  woik  of  float  haavlng  aaama  to  ba  noat 
claarly  hnMgtat  cut  by  my  dlacuaakm  la  taima  of  •  haat  i 
cycle  In  whlA  Iba  walking  atnka  la  tha  actual  fraat-1 
Aocofdlng  to  ttUa  analyaia.  In  a  oomplala  qrele  of  opemtlona 
an  aa»unt  of  heat  equal  to  tha  latent  heat  of  malung  of  lea. 
Aft*  per  mole.  Is  taken  In  at  the  normal  freezing  point  {Ti  and 
teat  heaving  at  a  lower  tampeotuia  (If  -        oeeurs  wloi  the 
pnduetlen  of  aa  amouat  of  work  equal  to  the  chemical  poten- 
tial dltianinee  (A||it)  between  lee  and  water  at  the  same 
MOeaiKa  (1  atmo4  at  the  temperature  (Tj  -  6,T^.  The  freesing 
Of  water  at  thla  lower  tempeiatum  la  aooompanled  by  the 
felnaaeof  an  amount  of  latent  haat  (Afh^  -  Af  II*).  The 
ftaetkm  of  tt*  lataat  haat  taken  in  at  T{  vrtdcfa  aubsaquently 
appears  «a  woik  of  heaving  la  Atf/lf  aa  abown  fay  tha 
aquation 


Ay  «  Ajd*  AT, 


A^ht 
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where  ^fS^  is  the  entropy  difference  between  Ice  and  water. 
(For  Simplicity,  the  heat  capacities  of  ice  and  water  are 
assumed  to  be  equal  so  that  Afh^  and  A^S^  are  independent 
of  temperature:  The  same  answer  is  obtained  in  the  general 
case).   Thus  TakagI  Is  essentially  correct  In  saying  that  the 
latent  heat  of  fusion  provides  the  source  of  the  work  of  heav- 
ing, although  as  set  out  his  argument  is  obscure.   He  is  also 
correct  in  saeing  as  the  objective  of  the  theory  the  calculation 
of  the  "percentage  of  the  latent  heat  which  changes  to  wofk." 
He  IS  quite  wrong  In  claiming  that  his  theory  will  give  the 
work  of  heaving  corresponding  to  "the  most  efficient  possible 
...  frost- heaving .  because  all  the  resistances  are  eliminated 
In  this  analysis."  The  most  efficient  process  must  be  that  In 
Which  conditions  depart  least  from  tbermodynaaic  aqulUbflum. 


From  the  point  of  view  of  themodynamics.  tha  processes  of 
beat  and  mass  flow  which  are  the  particular  concern  of 
Takagi's  paper  are  both  sources  of  irrevaralblllty  which  muat 
reduce  the  work  done  below  the  maximum  ooneapondlng  to  a 
quasl-etattc  pieeaas.  If  Takagi's  analysis  were  correct, 
than  his  equations  should  tend  towards  tha  result  obtained  by 
elassleal  mathoda  as  the  latea  of  heat  end  aiaaa  flow  tend  to 
teio.  They  do  not  do  ao.  Put  another  way.  It  aeems  difficult 
to  aae  hew  an  analyaia  of  the  eenverslen  of  heat  into  woifc 
under  IcceveralUa  conditions  can  ba  ootreot  without  the  tntio- 
ductlon  (expUeitly  or  inpUdtl]}  of  the  second  law  of 
dMOMdynamlca  in  aoaie  fora> 

A  more  complete  analyaia  of  the  frost- heaving  pmMem 
whl<A  would  eofieapond  sMse  closely  to  prscucsl  clieuia* 
etanoee  could  he  developed  fmat  the  Idealized  model  given 
In  my  peper  by  taking  aooount  of  the  iaUcwlng  laeloras  (a) 
Qnvitatlonal  work  which  has  to  be  done  In  nlalng  water  to 
the  lee>lena;  (tt  entmpy  pndueed  ta  the  vlsonua  flow  of 
water  through  caplllailea  leading  to  tha  Ica-lena.  and  (c) 
enttepy  produced  In  conduction  of  beat  anwy  from  the  lea-leoK 

WhUo  an  extended  theory  of  this  kind  would  be  retovont  to 
aKpariSMntB  en  the  late  of  haavlng  and  Ita  dependenoa  on  haat 
and  maaa  flux,  it  is  unneeeaaaiy  in  discussing  expeilmema. 
such  ae  those  of  Penner.  on  equilibrium  heaving  praaauna- 

rurthar,  it  is  neceaaary  to  ooeuaeat  on  1akagl*a  taloetlen 
of  the  vtewr  Cs,  6]  that  tte  euparcooUng  of  water  le  Oe  energy 
eowee.  Flrat,  TWcagl  rajoeta  tha  tana  anpeiaooUng  on  the 
grounds  that  la  tha  ica-lanalng  eltuotlon  tha  equillhclum  le 
auble;  hewever,  die  etablUty  of  a  ayatem  la  not  only  a 
property  of  the  ayatem.  but  elao  of  the  noaalUa  pneaeeee 
conaldaiad.  Thua  liquid  water  briow  0*C  mey  be  In  etahle 
aquUlfartim  with  eapUlaiy  lee  at  the  heuadaiy  of  an  lee-lena, 
but  It  la  atlll  la  laetaatafala  equillhclum  with  teapeet  to  the 
fcxraMtton  of  ice  crystals  within  the  bulk  water— hence  from 
thle  potat  of  view  It  la  eosroet  to  call  the  water  auperoooled. 
Secondly,  the  feet  (B.  l)  that  the  fnetlon  of  the  latent  heat 
whldh  le  evallabte  ae  work  of  heaving  la  proportional  to  ATf, 
tha  lewirltig  of  tha  aqulUferlum  tempentura  between  water  la 
eaplllailas  and  tha  lee-leiM,  er  the  degree  of  aupeieeellag 
of  the  bulk  watar*  la  an  adequate  Juittfleatloa  Ibr  aaytng  that 
the  efeUtty  ef  tha  ayatem  to  do  eMainal  work  ailaas  tnai  die 
aupaeccollng. 

Finally,  Thkagi  aaka  hie  thlid  queatMa,  but  doee  net 
answer  it,  Aeeetdlng  to  my  views  thla  praaeure  giadient  is 
eat  up  ae  a  direct  raault  of  the  prassuta  dlffbrenee  across  tha 
eunred  boundary  between  Ice  and  tfatar  at  the  entianoe  to 
capillary  spacea.  If  the  Ice-lana  la  auhfeeted  to  a  pteasuia 
leee  than  the  heaving  pnawra.  dwn  the  pnsaure  In  the  water 
at  the  lee-laaa  auitece  le  roduead  and  cauaea  water  to  flew 
to  tiw  tone  feee. 
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(O  AOTHOrS  SUmSMSMT 

The  energy  balance  equation  at  plane  BB  in  Fig.  3  in  this  paper 
Is  derived  on  the  asauinption  that  the  ice  fbmed  at  BB  is  under 
the  aaroe  pressure  aa  the  water  ]uat  below  M.  Ihle 
aaaumpticn.  however,  la  not  acceptable. 
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The  correction  may       made  as  follows  by  Introducing  a 
simphfyiro  .- - 1  ini;tinn  -h.i!  iri'  .5  ur.der  hydlOMMlC  |»msm. 
The  pressure  (p^g)  of  ice  at  plane  BB  is 

PlB  =  Al9h  ♦  Hfc  +  w  ecu 

where     IB  atnoaptailc  pnaawe  an  M.  Rewrite  (l4  In  Hm 

text  as 


(-S)-(- 


lii 
Pi 


=  L 


wliara  p0,  the  pnssure  of  water  just  below  BB,  la  not  nacea- 
aailly  equal  to  atmospheric  piessure  (p.) .  Um  of  (c.l)  aiiil 


(CD  changes  (17)  In  the  text  to 


The  toragolBB  oaleuletUm,  however,  ia  net  aettateotoiy 
because  lee  la  uaualiy  under  slresa  (not  naeeaaaflly  under 
hydreatatlc  praasun) ,  end  alao  bacauae  the  value  of  L  defined 
by  (CD  la  not  known,  it  aiom  aetlAactniy  calculation  mat- 
ing loe  aa  en  elaatlc  awterlel  la  ahoiiRi  below.  It  reanlta  In 
enactly  the  aeaie  fofawle  es  (G.  31  lor  the  enaivy  balanoe 
equetloa  at  BB,  end  alao  «hawa  that  iha  lieoalna  point  of  iho 
toe  at  plana  BB  la  depvaaaod  by  the  welghta  of  loe  end 
overburden  on  plane  BB. 

It  la  recognlBad  tn  tUa  analyaii  that  plane  BB  In  Pig.  3  In 
tho  text  (which  by  hypotbaiia  can  auateln  any  weight  cn  ti 
Intndueea  the  effeet  In  tfie  eetual  ntl:  that  la.  In  tama  of 
Mil  meohuilca,  the  wslar  that  entara  an  Icclena  la  under 
POM  water  piMavn,  but  the  leo  femed  la  under  intanianular 
atraaa  piva  pore  water  praaam.  The  "heaving  praaaiae"  la 
•Qunl  to  tho  exeeaa  lapreaoMad  by  the  inteignnular  etfoaa. 
Um  OBaigy  of  fio8t4Mavlng  la  the  onargy  neeeeaaiy  tor  tnni> 
incalng  the  leva!  of  atraaa,  and  la  auppUad  fay  the  energy 
toleeied  doxing  the  pteee  change.  Ihe  analj^a  baaed  on  the 
aboire  recognition  abowa  that  a  lowering  of  treening  teaipora- 
tura  la  an  Inpoitant  tecior  tor  dotandnlng  the  aBMunt  Of 
•nergy  ttat  cauaaa  boat-beevliig. 

The  startlny  point  for  the  tbamodynaoUc  traatnent  of  the 
classical  theory-  of  elasticity  Cl,  p.  220:  2,  p.  ?<]  Is 

(C.4) 


where  Uj,  S[ .  and      are,  resp-er;Uvely ,  Internal  energy, 
i.T.tfopy,  and  volj.T.e  piT  inilnitely  f.ma'.'.  mass  (dM)  of  tlie 
elastic  let'  under  co:i';ideratmn.  7  ly  the  absolute  temperature, 
and         anil  t\^^  are,  respectively,  comporientr:  o(  stress 
tensor  (positive  for  tension)  and  components  of  strain  tcncor 
(positive  for  expjr.s:on>  referred,  for  slmpUcily,  to  rectangular 
Cartesian  coordinates  represented  by  suffixes  A.  n  •  The 
summauoo  convention  in  tenaor  anelyala  la  obsenred; 
therefore 
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Thermodynamic  treatment  of  the  classical  theory  of 
elasticity  demands  specifitration  of  the  state  of  ix>  strain, 
where  C       =  0.    The  state  of  iva  strain  is  defined  to  be  the 
state  of  Ice  in  therxal  nT.r.Ilbriuiti  with  the  woter  vapor  with- 
out the  existence  ol  air  under  given  temperature  (T)  and  ice- 
saturation  vapor  preaauM       [3].  The  definition  preaeilbea 
that  the  stress 


- —  ur-" 
itr 

{ 


mu*t  be  used  inataad  of  the  actual  atraaa  (a:  >  to  wrtte  the 
atreaa-atrsin  relationship 


ilL. 


'I 


xy  xy 

where      la  the  Knnaeker  delta,  O  la  ft* 


(C.6) 

(c.r) 


V  is  Polsson's  ratio,  and 
3     X       y  r 


(C.8) 


Arxither  indispensable  a ssurr.ptiori  is  that  <j^jj  is  negligible 
as  compared  with  one.    Therefore.      is  almost  a  constant 
under  change  of  stress-    In  the  following.  Vi  Is  assumed  to  be 


a  con.-itart ,  say  V 


not  only  under  ^ngo  Of  straaa,  but 


al«o  un  1  r  change  of  temperature 


(C.S» 


The  latter  assumption  may  be  accepted  If  only  B  anall  Change 
of  temperature  Is  considered. 

The  system  that  is  analyzed  on  these  assumptlona  will  bo 
called  classlcel  elastic  ice.   If  the  assumptions  cannot  be 
accepted,  use  of  the  classical  theory  of  elasticity  must  be 
ebandoned.  and  the  theory  tor  lerge  elastic  dafometton  [4] . 
which  la  not  yet  eoapiotad  for  thenaodynanacal  uee.  Swat  ba 
considered. 

Assume  that  the  hydrostatic  prescwo  i-f^^Xli  ^"fl*' 
to oxfi  -  P°t'\u  ■  l^t  UjO  and  Sj^  be quantlttoatw  die  atoto 
of  no  strain:  then  (C.4)  is  integiBted  under  the  OOltdltlon  of 


constant  T  and  under  the  foregoing 

U  -  U  "  =  T(S  -  S  °)  ♦  V  ♦ 
1       1        *  1      1  '      1  * 


(C.IO) 


Equation  (C.  1 1)  is  integrated  by  use  of  the  aMaB-alnln 
releuonshtp  (C.6),  (C.7).  and  (C.S)  to 


X       y       z      1  -  2i> 


ilv^  ^  *  yMt  3p? 
yxy     'yz     'tat  I  T 


(CIS 


2  2 

♦  o(y    +  y    ♦  y* 

iQuatlonXc.  12}  dHwa  that  if  la  poaltlva  tf  tha  teat  tam, 
9|>i^  7 ,  which  la  uaualiy  nagliglblo.  la  net  a  large  nagatlvo 
niaaber.  The  poalttvlty  of  ^  tor  both  expanaion  and  eonpna- 
atoa  la  •  ineult  of  ehooatng  tho  atoto  of  no  atnln  to  ba  the 
Bttto  of  least  stress  that  can  poaathly  ba  attalaad. 

Using  again  the  foregoing  8traaa>atntn  ralatlondilp 
transfonaa  (0.12)  to 

^      2  %    X<1      2  '^i 

Use  of  another  form  of  the  stress- strain  relationship 


(C.14 


*x'i[<%t"»'toy*«r«|-U-2i')Pt°j  . 


etc. 


(C.14) 


(CIS) 


''xy"  gV  ""'^ 
transforms  (C.  1 3)  to 

♦  =  Ie  ("x'  •         ^  "z'  )-  E  ( Vy  '  V,  *  Vx) 

where  E  is  Young's  modulus  and  K  is  bu^k  modulus- 

When  ice  is  uivder  hydioatatic  pressure  (p) ,  4'for  this  case, 
aey  *(p) .  la  datenelned  by  uaa  of  (C IQ 


(Cl« 


•«-^[P«-<PlV] 


(cm 


In  rig-  3  in  the  text,  ice  aoes  .-,ot  deform  in  the  horizontal 
directions  and  it  may  be  assumed  that  <x''^       *y  ~ 
whieh  9  and  •  an  datamlned 


(c.i« 


Pi«h 


(C19) 
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SubtUluUng  (C.  le)  in  (C.  16) ,  i/foi  thi»  case.  My  iiaj^^^ ,  it 
2 


,/      \    \  -  v-2v       2     1/  o\2 


Aoeording  to  Dortvy  tS] ,  S  Mad  »  an,  raspscuvaly .  almost 

equal  to 

4 


£  *  9.6  X  10  kg-wt/cm 
mid 

IP  >  0.36S; 


ii.i!^.4...... 


JtHL 


Epilation  (C.  KM  awy  Im  atapUawl  to 


oe. 


by  wtlUrvg  (r  is  th«  Bclodwta  frM  «iMiiBy) 
»  Wj**  '  8°T  *  ■  function  of  Tonly 


(C.21) 
(C.22) 

(C.23) 
(C.24) 

(C.2S) 
(C.26) 


AppmciMtion  (CD  i«  uMd  In  obtaining  (C. 3Q .  Totally 
dlfCBrentiatUig  {C.2Q  and  oonpailnff  tha  loault  wtth  (C.4) 
ylalda 


«•  S|  (T)  '  a  (unction  of  T  only 


(C.28) 


use  of  which  changes  (C.  26)  to 
1        i  1 

It  !•  asaunad  in  tha  following  that  tha  voluma  of  watar  doaa 
net  change  with  changes  of  both  praaaura  and  taapantiaa 

(C.30) 


tl  ,  M  OO 
*W  'w 


const 


This  assumption  may  t>=  introdjced  because  water  Is  assumed 
In  the  text  to  be  ar.  incompressibie  perfect  fluid  that  has  a 
constant  density  even  under  change  of  temperature.  Thermo* 
dynamic  consaquancea  of  thla  aaauaiptlan  are  found  by  uaa  of 

the  formula 


undar  tha  condition  of  eonalant  T 


dU„ =  TdS^ 

whloh  baooM 
dT^-B 

Ihla  la  intaflxatad  to 

■  F^^CD  >  a  fuoetiOB  of  T  only 

Therefore 

=  =  a  f  uncUon  of  T  only 

and 

u„  =  u  "(H  »  a  function  Of  Tonly 


(C.31) 


(C.32> 

(C.33) 


Acooidlng  i»  Ooraay  CS] ,  tha  laodwnnal  compraaaibtUty. 

-  ^  {j^-  <>'«"*«■•»  Ol'CBnd  I  to  10  atnea  la  S. 03x10-* 

par  atmos  and  that  of  lea  at  0°C  and  1  atmos  i«  3. 75  x  10*^ 
par  atawa;  tha  thanaal  i 


of  watar  at  0*0  and  1 


ia-9.0xlO*ipar'C 


and  that  of  ice  at  I  atT.n?  (i.-riy^rT-ilrnl      ii-npi'r.iiu:i'J  is 
12.2  X  )0'5  per^C.    Both  are  of  the  sane  oi  Jei  of  m.iynit^^do 
as  for  water  ard  ice.    For  ice,  ihc  a ss^nption  nf  cunstant 
volume  car.riot  be  a  basis  tor  the  iherncdyr.anic  analysis, 
because  the  relation  imposed  or.  tj^  by  ilv  iN-.umptlon  Is  not 
considered.    Tor  ice,  constant  volume  is  din  approximation. 

The  condii.or.  fof  tiiermal  equilibrium  between  normal  water 
and  stressed  ice  is  found  ili]  with  reference  to  Fig.  C.l. 
Valng  P  ■  0  -  ST  inataad  of  V.  Than.  lioBi  UMtxRodyaamica 

dF  =  dW  -  SrfT  (C.  3S} 

where  dW  is  the  work  done  on  the  system  from  the  outside, 
and  dr  is  the  charr:}a  of  F  during  the  pTOCaaa.  PttT  an  a^lll- 
therroal  process,  (C.3S)  becomes 

dr «  dwr  (c.  34 

Assume  that  the  water  Of  mass  (dM)  is  tro/er,  :r-  on  equl- 
thermai.  reversible  process.    In  Fia-  C.l.  water  can  roach 
the  u:f  f.urf.-ict!  only  through  the  porous  piston  at  the  top  Of  tha 
lnn<ii  conttiiner,  of  which  the  side  and  the  bottom  are  aaaumad 
to  be  impcrmfeabla  10  bolh  heat  and  water  and  alao  to  ha  dgld. 
In  this  case , 


dW     -  pg  (V,  -  Vj  dM  ♦  o^'  V|  dM 


(C.  37) 


where  o'  is  the  extamal  stress  (positive  for  tension)  added  on 
iho  poroua  platen  ao  ttat 

(C.3tt 


V,  and  are  specific  vdunea  of  Ice  end  water,  reapactlvely, 
and     i  B  tha  praaaun  of  watar.  Subatltutlon  of  tho  ralatiea 

dr-^^-r^dM  (C.39) 
and  of  (C.  37)  In  (C.  30  ytelda 

K^'  V  ♦  Ob'w  ■^i'**,.'  V  *  "e^i  -  V  'i  to.4« 

where  ?!  and     ara  tha  partial  specific  Halmholtz  fi<-<- 
anarplas  of  lea  and  watar,  raspactlvaly,  T|  ■  Oj  -  1,  T  by 
definition.  Tg  is  tha  temperature  of  tha  systeco  in  Fig.  4  but 
may  ba  Interpreted  as  the  temperature  at  plane  W  in  Fig.  3  in 
tha  text,  bacausa  the  thermodynamic  system  considered  is 
esaantlally  tha  saoie.  Quanuues  with  suffix  "1"  are  those  tot 
tha  awfaoa  lea  In  direct  contact  with  watar  through  the  porous 


P. 

i_ 


t     t    _|  WATER 


ICE 


ng.  c.l.  Thermal  aqulUfarlum  between  watar 
end  atreaaed  lea 
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plrton.  QiwntltlM  In  pumiUmm*  dMBOt*  th*  ladapmdMit 
vailabtea  upon  whldh  ttw  varuttto  Inuudlatoly  praeadlng  th« 
pcmitinMa  dapmd.  Ban  en  quaatltlaa  alsnlfy  that  raspac- 
ttve  qiwaUtiaa  an  iwtlal  ipoelfle.  Hm  Mnwantloiia  !«»• 
duca<  liaw  wtU  tm  ofcupad  hwwafaith.  8wii«l«ii  (C.40» 
delarnlnea  tha  thanwl  aquUlMum  between  watar  and  atrassed 
lea  undar  tha  oondttlan  piaieittad  In  ivfaranea  M  Fig.  C.l. 
For  a  particular  caa*  whace  T.  and      baeanaa  T  K  ■  0*C 
and       1  atmoat  iaspa6tlv«qr>  llwiriC.dCl  baeonwa 

(C.41) 


which  sho%v5  tho  Aoli-cstoLili  sh.i-d  equoU^y  of  the  partial 

specific  Ciiiibi'  :roo  enorglos.  _ 

The  relauon  between  F,  (ff\u'TJ  and  F, (p.,Tj  is  tound  by 
 «n  1    *#»    If  *    A  O 


uaaof  (C.39 

where         la  obtained  by  putting  p  -      m  (C.17).  amilarly. 


where  the  reliition  (C.  32)  is  considered.  Subtract  (Oi41)  ARM 
(C.40),  and  subsutute  (C.42)  and  (C.43):  then 


(C.4« 


where  use      made  of  (C.3B)  and  (C.19),  and  tfM  Halation , 


(C.4S) 


whara  L(T^  Is  Oia  baat  of  ftaaalng  watar  to  lea  at  tha  irlpla 

point  In  the  air. 

Numerical  calculauon  of  (C.44),  taking  only  the  first  term 
on  the  right  side,  shows  a  freezing- point  depression.  T^-Tg, 
of  approximately  C.0C803"C  at  the  bottom  of     body  of  ice  I  m 
thick  and  extended  infinitely  in  horizontal  dlrf?ctlon»  without 
any  surcharge  on  the  lop.    Effects  o:  v  in.j  p;i  s;  ura  BPa 
usually  negligible  as  compared  with  the  effect. 

Iha  watar  balmr  plaw  M  lo  FI9.  3  of  tha  tatit  la  aiipar- 
eoolad  baeauaa  of  tha  aaaiiiaptlOBa  mda  far  tiia  oMthaaatleal 
aaalysla.  Iba  aoU  tratar  la  tha  actual  ayataa.  howavar,  la 
not  auparooolad  but  baa  a  tawaiad  fiaaalna  point.  If  tha 
fiaaainp  point  of  tba  ftaa  watar  In  poraa  la  blgfaair  than  tha 
taavontun  of  tha  ftaaalng  ftoflt  (T5  la  tha  Idaal  eaac).  watar 
ti  ftoaan  bafm*  It  reaches  tfia  fmaxing  bont  atid  segregation 

of  ice- lens  from  the  thin  v?»t<>r  film.  i-flnrKJt  take  place. 

Froin  thennodynsmlcs ,  the  heat  LiTJ  of  freezing  the  water 
Of     and  ^  ta  tha  lea  of  9j^nAJ^  & 


L(Tb)  =  Tb[s^{Tb)  -  S,(Tb)] 


(C.4« 


L  (Tq)  Is  a  funotlon  of  <T|^  only.  Uaa  of  (C.44  tnnafocma 

(C.40)  to 


(0.47) 


Equation  {C.47)  shows  that  the  energy  of  frost-heaving  la 
auppUad  by  the  etwrgy  released  during  the  phase  change. 
Stnea  (C.47)  is  equivalent  to  (C.40,  (C.44}  n»y  be  interpreted 
as  an  energy  balance  equation  expressed  in  comparison  with 
the  quantmaa  at  tha  triple  point  In  the  air-   Then  it  may  ba 
aald  that  the  energy  of  frost-heavlno  la  caused  by  tha  ftaaslng* 
point  depression,  Tq  -  Tp.  becauaa  tha  anargy,  «h  *  w/p..  it 
a  pait  of  Ky  l/T^  (T^  -  Tj» . 
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Oa^aslea  af  1^  hy  0.0M03*C  pioducaa  tha  anargy  of  haavrng 
lea  1  m  thlek.  If  N  eal  of  anafgy  wata  coanptotaly  glv«a  out 
Itweidd  haava  a  34.2  km  waMrooliHMi  1  ca.  Only 
,  0.00803/173. 1<  -  0.00002M,  of  W  eal  1*  uaad  to 
baavw  tha  walght  aqulvalant  to  tha  lea  1  n  tbWt. 

Tha  focagotiig  IntaqwatatloR  aabatantlataa  tha  vlawr  of 
Jadtaoo  and  Chalaiara  Iti  and  MHtIn  C?] .  Ibay  have  pco- 
posad  that  suparooallag  of  watar  la  Aa  aneigy  aouroe-  How- 
avaci  iupafoeellng  ahaiild  not  ba  eenfiilaad  wltf}  feaaalng-polnt 
dapiaaalenCS.S].  It  la  mora  logleal  to  oenaldac  that  mU 
watac  has  a  lewarad  Ikaatlng  point  than  to  eonaldar  that  toll 
watar  la  supercooled.  If  a  plaea  oi  lea  maigaa  in  supar- 
eoelad  watar,  supercooling  (mataatahla  atatri  eaaaai  in  a 
rimt  tma  and  alatala  ftaasmg  la  taallaad.  It  Is  true  that , 
finwa  at  a  oonaldarafato  valoelty.  aupercooling 
vpitmaai  flon  tha  lea.  aa  ahown  In  tba  iBwaatlen 
of  aneiiar  toallOl.  Ihia  affect,  however,  will  ba  nagllglfala 
In  soil  whaie  Oe  flow  of  water  la  usually  vary  slow.  With 
thle  nwdlfloatlow.  their  concept  la  aubatantlally  ooiract,  aa 
(C.42I    loynA  In      analysis  of  this  paper. 

8ubstltuUen  of  (C.  47)  in  (17)  in  Oa  taM.  which  la  undar 
the  present  notation. 


dh  Ir; 


"1  d« 


yields 


["wW-5i(^^-'l/-(**^)] 


Zqvalleo  (C.4A  la  tha  eenaet  botindaiy  eondltlena  4iat  nmat  ha 
uaad  Inalaad  of  (34  or  (SI)  ta  tha  text. 

Yoalda  [3]  oaiites  out  a  similar  analyala  for  olbar  boundaiy 
eondltlena,  whara,  lor  axampla.  dia  poieua  platen  at  O*  top 
of  tha  lea  In  ng.  O.  lit  ehMgad  to  an  Impaiiiaahla  piatwi. 
and  tha  ImparaioaUawall  entha  lataml  aide  of  the  tea  la 
changed  to  a  wall  paimaahla  to  both  watar  and  heat,  lha 
freezing  point  depression  thus  obtained  la  different  tnnn  tha 
one  in  (C.43).  His  analysis  damonatrataa  that  the  stress  In 
lea  eannot  be  in  any  way  identified  with  hydroatauc  pressum. 
The  reason  for  the  satisfactory  result  (C.3}  under  the  aaaum^ 
Hon  of  hydiostauc  pressure  on  lea  la  that,  undar  the  spadflad 
beundaiy  condltlona,  the  atrass  on  the  lateral  alda  of  lea  in 
Pig.  0. 1  doaa  no  work. 

Salatanea  of  aneess  pressure  and  freezing  point  depression 
m  an  lee-lana  oonforms  with  tha  concepts  suggested  by 
BvarattCll].  Miliar  [IZ].  and  Chalmers  and  Jadeson  C 13]. 
although  the  method  of  introduction  Is  quite  different.  This 
existence  Is  necessary  because  liquid  water  utMier  pore  water 
pressure  beoootes  ice  under  intergranular  stress  plus  pore 
water  pressure.  Their  introduction,  however,  is  by  way  of 
surface  tension  between  Ice  and  liquid  water,  which  is  very 
unreliable  for  the  reasons  given  below. 

A  quotation  from  Herring  Cl4.  p.  24]  reads:  "...  only 
very  small  particles  have  any  hope  of  aqulllbration  of  shape, 
since  for  large  particles  the  number  of  elementary  transport 
processes  which  heve  to  take  place  to  achieve  an  appreclabta 
change  of  shape  is  so  huge  compared  with  the  lowering  of 
JydA  which  results  that  the  rate  of  equlUfarlum  becomes  negli- 
gible. Moreover,  tho  equilibrium  of  a  small  particle  with  a 
laiga  volume  of  its  vapor  or  solution  is  always  unstable  with 
raspaet  to  changes  of  size,  and.  if  rapid  changes  of  size  are 
occurring ,  the  shape  may  be  determined  by  details  of  the 
kinetics  of  growth  or  dissolution  rather  than  by  the  minimum 
ofJrdA — -■  In  his  natation,  y  la  tha  aurfaea  tanmon,  and 
A  is  the  surface  area. 

10  be  more  specific,  consider  an  ice  sphere  suspended  In 
the  air.   If  a  small  drop  of  water  comes  In  contact  with  the 
Ice  sphere,  11  will  freeze  at  the  poi:-,t  ol  contact.    In  order  for 
the  ice  sphere  to  grow  to  a  larger  sphere,  other  water  drops 
muat  aueeeaalvaly  cemaet  ether  pelnta  on  tba  Sahara. 
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solid  molecules  do  net  have  the  nobility  thit  liqjid  moleculM 
have,  tha  elJect  of  surface  tension  is  concejiled  ay  kinetic 
phenomena,  that  Is.  n^ass  trar.sfer  nnd  heit  transfer. 

Contrary  to  Herring,  ice  water  Interf.TCef,  of  small  radius 
ate  not  usually  spherical,    Chainers  And  Jack-.tcn  [  13] 
attempted  to  me»*uri!  ri-idu  of  i:urv,ituj«  ol  ice  water  interfaces 
Ir,  .small  c--^ pil K-^.-le.'; .    Some  ir.terf^ces  were  ver/  irrejul.ir, 
ftocne  could  not  evon  be  aetected,    Tl^e  samf?  re.iLilts  are  a. so 
de»cr:bi;d  by  Horl  [  1  5'.    Ir.  fcriruitlon  or  ice  cry.sl.il';  in  watar« 
maisy  (onn?;  of  crystal  growji  axe  ob.-^ervec; ,  .".uch  ar.  needle 
(otm.i,  (I'fll.hcr- llki!  forms,  disk  cry  5tJ  1 ,  .Mii'  -jU-lUit  r-ty;!ali 
[lb].    It  Is  jiOsiilUo  that  a  similar  procos*  will  ,ilso  i,ik.i' 
[  la^  e  :ii  soil.   Spherical  Ice  water  interfaces  ol  large  radius 
oi  curviiture,  where  small  Irre^ularUl^s  are  not  conspicuous, 
can  bo  observod'  bjt  those  occur  only  when  the  rata  Of  onwth 
is  so  small  Ihat  Kinsuc  eltscts  me  not  manliest- 
It  may.  moreover,  be  added  that  Ice  In  soil  is  under  Intal^ 
granular  ■tress,  and  navai  under  pressure.  Thereiore  Ui« 
XsMn  fianMil*  cwinot  b*  uMd  •xwtly. 

♦ 
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no*  D.  1.  OaaffOiilMlon  of  ice  a  nd  water  at  the 
mou^  of  a  pom  loading  into  a  porous  pitton 

comment  is  to  suggest  that  surface  tension  effects  are  in  fact 
essential  to  the  operation  of  a  piston  permeable  only  to  water; 
consequently,  although  Takagi  does  noi  introduce  surface 
tanslon  effects  explicitly,  they  are  Implicit  in  his  model. 

Consider  the  situation  at  the  mouth  of  a  pore  leading  into 
the  porous  piston  (Fig.  D.  1)  and  suppose  (hat  the  Interface 
between  ice  and  water  at  the  mouth  of  the  pore  is  planar.  The 
ice  in  direct  contact  with  the  material  of  the  piston  is  subjec- 
tad  to  aaraaa,  but  that  in  oontact  witt  watar  muat  ba  subjactad 
to  tha  aaata  pcaaauta  ((^  an  tho  watar.  Iha  chamleal 
potanllal  of  tha  l«a  aurfaoa  In  oontact  wt4i  watar  la  Ihua  that 
of  lea  at  a  praaaimip^.  But  tta  watar  la  ■uparooolad,  and 
tharalbra  ibla  lea  awtaoa  cannot  ba  In  aquUtMcn  «1A  watar 
at  tha  aama  praaaun.  Tharafora  watar  wiU  tand  lo  fraaaa  en 
tha  lea  aivfaee,  and  to  form  a  small  ciyctal  within  tha  eapU- 
laiy.  Tha  chaailenl  potanual  of  this  ayttal  will  ba  hiohar  than 
that  of  lea  at  •  paatitira  (j^:  if  the  capillary  la  of  an  appto- 
pilata  alM  thla  chmiical  potential  nay  bo  high  enough  to 
prevent  eonllnued  propagation  of  Ion  through  the  capillary. 

Although  in  my  treatment  of  the  problem  1  eaaumed.  Cor 
aimpllelty,  a  hamlapharieal  inlarfnee  between  ice  and  watar, 
thla  la  by  no  ateaiie  noceaaaiy:  vary  aaMll  ctyetala  of  ether 
ahapaa  have  a  hloher  chemical  potential  than  bulk  cryatala 
(at  laaat  aaoaa  attaa  facai)  and  will  tend  to  anlaiVa  flwnf 
aalvaa  untU  (bey  fill  tha  avallaUa  apace.  Piovidad  we  agiee 
to  attribute  the  higher  chamloal  potamtlal  of  finely  divided 
cryatala  to  aome  kind  of  aurfaoa  temBlon  effect,  than  flw 
action  of  «  platan  parmaeUe  to  watar  but  not  to  lea  nniat  ha 
a  aurfaoa  tanalon  phenomenon  eaaenttelly. 

Having  aald  thii,  one  muat  agree  that  the  theimodynamto 
theory  la  an  equtUbrlum  theory,  end  that  under  certain  condl- 
tlona  traiHport  phenomena  (beat  and  water  How,  and  cryalal 
gicwtb}  amy  well  play  a  algMtioaM  rale  In  detemlning  the 
detalla  of  tha  proeeai  of  fiomwwuiig.  iui  eny  eompleta 
theory  mutt  ha  able  to  prediet  the  way  in  whldi  the  ctyetal 
habit  of  lea  dependa  on  aueh  faetora  aa  the  praaaura  and 
tampetatute  oicadlenta  In  the  naighbeihood  of  the  growing 
etyatal;  only  under  eondltlena  where  the  fete  of  growth  ii 
email  can  one  expect  the  Oermedynamie  theory  to  hold 
exactly. 


(D)  D.  H.  EVERETT— Reply  to  Author's  Supplement— In  dis- 
cussing his  own  paper  Takagi  corrects  a  number  of  statements 
and  brings  his  view  much  more  iwarly  into  agreement  with 
those  expressed  by  Chalmers,  Miller,  and  Everett.  One 
aspect  of  his  revised  theory  does,  however,  call  for  coDunent. 
In  deriving  his  equations,  he  uses  the  model  system  shown  In 
his  Fig.  C.  1  in  Ajilch  Ice  and  water  are  separated  by  a  piston 
that  l.t  iup^o-jed  to  ix-.  permeable  to  water  but  not  to  ice.  He 
sjtjgcsis  thot  he  is  t.hus  oblc  tri  infm  luce  stress  Into  the  ice 
without  using  surface  tension  eltects.  The  oblect  of  this 


m  Gtosuic 

The  author  would  like  to  express  his  appreelatien  fbr  the  dla- 
euaalona  of  hla  froat-baave  paper,  espadally  for  R.  D.  Millarli 
ceauneat  nada  prior  to  the  oonfacenca.  CSoe  note  at  end  of  this 
artlela.1  This  comment  enabled  the  author  to  make  an  impor- 
tant oorraction ,  mentioned  in  the  author's  discussion.  How- 
ever, raoat  of  Miller's  comment,  and  also  those  of  the  other 
panel  members  of  Session  4,  made  durlr>g  the  conference, 
indicated  misunderstandings  of  the  implications  of  the  theory. 
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First,  one?  of  tlir;  coriections  of  llic-  text  nf eesslt.itc-d  by  the 
author's  5upt.;irin<!rii  shouM  !>«  r>otcd.  in  w  -luthot's  supple- 
ment, the  i.T-rryy  b-il  iricf  ot  iho  Sroozing  front  is  lorraulated  by 
use  of  <jquil;briiim  thcrrr.oriyrjmlcs  compromisod  with  the 
rl.j55ic.5i  theory  of  elostirr.y.  Nom'quil ibn .in  thormodynamics 
Is  not  usod  in  jnjlyiiriy  'he  cquilibrjun  ,-ondition  at  the  freez- 
ing front,  which  is  sirrjlated  ir.  r:g.  C.l. 

NonequiUbrurr.  'hernodyn.iinics ,  however,  is  used  m  order 
to  formulMe  r-.iinuJliii.eou-i  '.'.ow  ot  WcAos  iiric  horti.    The  tormu- 
latlon  in  this  paper  daes  r.ot  follow  the  forTi.ilism  sdcpted  in 
textbooks  ol  noneq^jilibriuni  thKrmodyn.-..'riic5.     The  systen 
adopted  for  analysis  In  the  text  Is  so  simple  that  one  may 
make  direct  use  of  a  basic  principle  of  noncqullibrlum 
thermodynamics:    That  three  bilsnce  <?qu<5t!Ons  ^bolancc  of 
mass,  balance  of  force,  or.d  bjljnce  of  enoryy)  L;h:>u.:l  Ix- 
considered  simultaneously  for  the  formulation.    If  the  system 
of  analysis  is  made  more  complicated  by  adoptir.3  more  .>rtLi3l 
altuations,  an  elaborate  use  of  nonequlllbrlum  th«rmodyivamlcs 
mmr  beceae  necsssary. 

Ihtt  author  agiMs  with  MlUar  that  "the  nlBratloii  of  wa««r 
mranl  a  9rawiiig  leflmm  it  wt  dependent  upon  •  temporatm 
Oradient  and  a  ooncmrent  transport  of  heat  (otbor  than  latant 
heat)  in  the  tame  direction."  The  heat  trantfir,  hoiravar.  Is 
cIlwadMit  on  the  flow  of  water.  Watar  dlacdkaxfaa  «  pvt  Of  its 
MMmil  siwrgy  aa  tt  oeelt— a  kind  of  hsat  tranafar,  oallsd 
eonvaetlon,  which  ia  dapandamt  on  tha  tanpamtura  gradient 
and  tha  valoclty  of  watar  flow. 

MtUar  mlsundafttandt  tha  naanlng  of  Pascal's  prtnelpla. 
Pascal's  pfindpla  states  that  watar  in  a  statle  state  cannot 
withstand  shaanng  fo(e««  tat  is  not  a  "ststaaant  of  tha  unl- 
Ibmity  of  spaoifle  petaMial  anoigy  of  watar  thnuoliout  a  body 
of  watar  at  rast  in  earth's  sravltatlenat  tlaJd."  Pascal'a 
pnnelpla  la  not  ralatad  to  a  gravitational  tlald«  Meiaovar, 
tha  Newtonian  piepeity  of  a  liquid  is  eastomaflly  daflnad  as 
viscosity. 

W14i  these  corrections.  Miller's  comment  with  regard  to 
non-Patcalian  property  may  probably  best  be  understood  as 
follows:  If,  In  Corte's  experiment,  the  adsorption  force  of  a 
floating  particle  creates  an  appropriate  distribution  of  hydro- 
static pressure  insido  the  body  of  water  tliat  exists  luat  below 
the  particle ,  the  particle  will  continue  to  float;  In  other  words, 
tha  concept  of  shearing  force  may  not  be  Invoked  to  explain  tha 
fleatino  of  a  particle.  The  author  will  not  discuss  this  view. 
Instead,  he  will  explain  his  own  concept  from  a  different  ai^le. 

Hie  floating  of  a  particle  on  the  ice  surface  in  Corte's  ex- 
periment may  be  likened  to  the  floating  of  a  needle  on  the  air- 
water  Interface.   The  latter  la  explained  as  an  effect  of  surface 
tension.  According  to  the  theory  of  surface  tension,  the  water 
at  the  alr-waier  surface  is  a  non-Pa-tcallan  water;  that  Is.  an 
extraordinary  water  that  has  a  resistance  to  shearing  force. 
TTie  only  difference  In  the  explanations  is  that  disintegration 
of  surface  tension,  as  explained  In  the  paper  under  discussion, 
must  be  considered  in  order  to  explain  the  floating  or  a  particle 
In  Cone's  experiment,  while  the  integrated  effect  of  surface 
tension  may  be  used  to  explain  the  floating  of  needle. 

The  cxlsterice  of  rnj'.dity  iiocs  no:  fireclude  the  mobility  of 
the  water  m  the  film  that  is  n.:?c.r 55..iry  to  explain  Corte's  ex- 
ponrri.?rit.    The  thin  water  film  rr.iy  se  jssumod  to  b.e  a  vIbco- 
elastic  maserlfll,  which  has  fluidity.    The  el.-istlcity  T.odjluii 
and  viscosity  cf  the  t-Tin  water  film  tis  □  vistro- el.a.stlc  rr.iite- 
rlal.  however,  change  wjth  distance  froin  l^ie  ice  water 
boundary  a:  a      ..  i  w  iter  bci^nd.iry  because  of  the  hetero- 
geneous na'.are  o:  the  fil.T:.    Wrtter  molecules  In  the  Immediate 
vicinity  of  solid  walls  m.iy  not  move,  but  •.■•■.iter  molecjles 
approximately  half  w.jy  befA'ee.'j  '.he  ice  surface  :and  the  soil 
partU  le.s  m.iy  novi'. 

Miller's  \a-H  comi:i«-iii  i::.^lii';i  t:o:itt.idii:lion  ot  ih<.  concept 
of  Integranular  stress  In  soil  nierh.inn; 5 .    Ii  icf;  (oiint^L:  in  soil 
Is  free  of  Intern.il  shf.i:li>g  streii'i  bec-iu..;!!    the  unfrozen  lilm 
th.i!  rifp,-ir.i:ivi  the  ico  ph.-ise  from  the  minernl  p.irticle  doe.i  not 
tr.^nsmt  she.jrir'.i^  stresses  to  thi*  ice,"  -1  soli  pcirticde  tliat  la 
s .jrTTJup.ded  by  jdsortx..id  w,:iter  rr.ust  .^is^  t»e  (rtre  01  liilerri.il 
shearir/3  stre33.    This  contr.idicfs  the  c.or-ref:t  o(  mtercirrtnul.ir 
stress.    This  paradox  shows  that  both  the  unfrfizen  tllTi  .ind 
tha  adsorbed  water  are  non*Pascalian,  that  Is,  partly  a  solid, 
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so  that  both  tea  and  soil  particia  nsy  hava  latamal  Shaailiig 

stress. 

A  specltlc-ition  of  stress  is  pressure.    The  5tre.is  of  a 
liquid  in  a  st.^tic  state  is  reduced  to  pressure  because  a 
liquid  in  a  sttitic  state  cannot  resist  .nny  she.irlng  stress 
(Pascal's  principle)  .  in  other  words,  because  ir.olecujes  ol 
liquid  move  under  a.-.y  .ihearin'j  :;tre.si.  to  rtfallze  ,1  stnti;  in 
wrtich  no  shearlrtg  .sfre.sf.  wotlt.'i  on  molecules-  However, 
moiecules  In  a  .^olid  do  rvot  nove  by  she.irlng  stress,  there- 
fore shi-arir^g  stress  Is  rvot  zero  in  a  solid.    The  stress  In  a 
iolid  Is  reduced  to  pressure  only  when  the  solid  Is  surrounded 
by  a  liquid  Or  a  gas  In  a  static  state,  by  solids  that  are  under 
hydrostatic  pressure,  or  by  a  eosMnation  of  these.  Even  for 
the  special  case  In  which  pressure  works  in  the  solids,  strsaa 
Instead  of  pressure  should  be  used  to  designate  tba  statoof 
stress  inside  tha  solid,  if  a  change  of  boundary  condition 
should  bring  about  ahaadng  sirass  that  is  not  aaio. 

To  tfaa  amhor,  tha  atatasMnt.  "lea  In  soli  la  undar  Inlac* 
granular  sttass,"  la  a  fain  that  does  not  naad  any  pmof.  In 
order  to  have  an  lea  parttela  undar  hydiestatlc  praaaum,  tha 
soil  particlas  sunoundtng  the  lea  must  also  be  undar  fayiko- 
ststto  prassun— an  Isipiobabl*  ptasunwUaa. 

AeooidJng  to  a  spaeiaUst  onloa  ( IJ.  than  am  siany  rea- 
sons to  bellava  that  tha  swfaoa  tanslan  of  ica  iloas  not  vary 
much  with  tha  ciyslalloprapiile  crlantatlon  of  tha  savosad 
stBfaea-  lha  nonsphaileal  sbspa  of  sonw  lea  oiystals  la 
ususlly  fonaad  not  by  surfaoa  tension  but  by  natartal  Bans* 
poctattoa  and  haat  dissipation,  two  factors  that  diffsr  In 
dtffarsnt  dliactlons* 

nia  author  waleomas  Bvaiatt's  dlseusslon;  ha  will  attaavt 
to  clarify  his  oonlantlon  about  Pioiassar  Bvaratt's  oeneapt, 

Tha  flMdhanlsa  adepM  Cs]  lo  aiiplain  tha  fdmatlea  of  an 
ica-lans  is  tliat  awlacttlas  In  tta  solid  stats  awws  in  acaotd* 
•noa  wtlh  tha  gradient  of  chamieal  potantial  eausad  in  tha 
aoUd  by  tha  stniaea  tension  that  woika  on  euivad  portiona  of 
tha  inlatfaea. 

lha  aaata  aachanlsM  ia  usad  to  axplain  slntadag  [3  to  6l. 
ftowavar.  In  sintacltio  tha  prooasa  la  wary  sloir,  and  la  not 
rata  datsndnlng  whlla  oHiar  kinatte  affects  are  concunmit. 

I60  aiclacttiaB  can  mwa  In  three  ways*  tnrfaca  diffUaUm, 
veluBia  dlffuBlna.  and  avaporatlon-oondsnsatlon  C4  to  63 . 
Raoantty  Hobbs  and  Mason  tc)  ahowad  tha  relativa  ratio  of 
the  fluxes  of  the  three  notions  that  increase  the  volume  of  the 
contact  portion  of  two  lea  spiisgaa  of  aqual  dianatar  that  are 
suspandsd  In  tha  air  uitdar  tha  satyntloa  of  watar  vapor  pras- 
aura  wUh  raspaet  to  fflatf  ica.  If  tha  flux  of  avapontlon- 
condsnsstlan  Is  of  tha  order  of  ena,  tha  fluNss  by  volusio 
dlHiMlon  and  swteea  dlffuslen  aia  aaeh  of  tha  cMtor  of 
l/8flM  at  'lo'c.  lha  flow  of  avaporattoiireandansatlan  is 
vwy  slow  as  ooaparad  with  ttta  flew  of  liquid  watar,  as  one 
awla  of  iratar  Is  18  eu  em  of  liquid  vratar  or  tt.  4  lltava  of 
water  vapor  at  flTc  and  1  atmos .  Therefore,  It  may  be  eon- 
cludad  that  flow  through  the  vapor  phase  is— and  alao  Oews 
by  volume  and  suifaea  diffuaioin  era— usually  nagUglhly  saall 
as  compared  with  tha  flow  of  liquid  water,  if  they  ore 
concurrent. 

There  is  a  pronounced  unbalance  in  the  distribution  of 
diemlcal  ixitentlal  Inside  a  snow  crystal  due  to  Its  dendritic 
form.  A  snow  crystal  appears  to  grow  even  against  the 
gradient  of  chemical  potential  Inside  it.  Growth  of  a  snow 
crystal  Is  believed  to  be  Influenced  most  by  the  mechanlsci 
of  extracting  heat  evolved  on  solidification  of  water  vepor  end 
by  the  mechanism  of  supplying  water  vapor  C7. 

When  a  snow  eiystal  (alls  out  of  a  region  that  contains 
supersaturated  watar  vapor.  Its  angular  edges  begin  to  ro«»d 
off  t9] .  When  snow  is  accumulated  on  the  ground,  and  the 
temperature  and  vapor  prosstse  around  a  snow  crystal  bscooM 
almost  unifbns.  tba  dendritic  form  transforms  gnidtially  to  a 
granular  form  C 10  to  12].  These  transfometions  are  an  effect 
of  surface  tension  that  involves  the  machaniam  adopted  by 
Everett,  as  suggested  by  KosIm  [lO]  and  Yosida  tlSl.  The 
effect  does  not  become  manifaat  and  ia  not  rata  detannlAing 
while  the  crystal  ts»  growing. 

It  xay  be  concluded  from  discussions  nide  m  r<>lerence  to 
Chalmers  arxl  Jackson  1 14] ,  Horl  Lis],  Arakawa  and  HiguchI 
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Cl«)  In  tlw  •inbor'i  wpplmMiit  and  alw  ftom  Wyua  C 17]  that 
tfia  foma  of  loa  oyatala  iBwatarasa  dMamlaad  natnly  by  tha 
aadianlan  of  aKteaellaa  liatt  amlvad  on  taailDO  and  by  dia 
dliaetlonef  Kiip|ilya<«falariittlaeHlm«  A  aiidlar  vfaw  la  alas 
nanitamd  byMaiMiCs].  DlairtlNitlon  of  ilw  eiiaadiial  panm- 
Ual  InsMa  tba  aoUd  la  not  balanoad  and  la  not  rata  datocnlaliig 
duitnff  flTowtfi* 

Similar  pnoaawa  nay  alao  tafca  piaoa  In  aoll.  Hw  iMn- 
alon  e(  lea  IMO  pewa  nay  ba  uadarMood  aa  lUlawai  BM 
pamelaa  eenduet  haal  battar  than  lea,  and  tha  Intnialon  of 
lea  into  pai*a  laaulta  in  tba  Chapa  that  aHowa  moat  afflelent 
dlaalpatlen  ef  tha  haat  amtvad.  Diairlbiitien  ef  tha  chanleal 
potanUal  In  lea  nay  net  be  balanead,  and  la  not  rata  dalar* 
atlnlnt.  dicing  Hw  fomatlen  et  lea  in  aeU. 

Whan  a  apharlcal  lea  water  Intarfaea  ef  lafga  ladlua  ef 
eumtiira  la  piaaani,  and  whan  snail  Irregularities  are  net 
eenspiUiHeuai  die  effitet  ef  surfscsa  tanalen  aiay  ba  ebsaivnd. 
Ihla  occurs  only  whan  ttia  rata  of  growth  la  ae  aaiall  that  the 
amiioonaBt  ef  lea  aieleGiiles  due  to  swfaoa  tanalen  Is  the 
nalo  factor  In  detannlatai  the  shape  of  tta  aaifaea.  Iba  oon- 
capt  ef  BUffbca  tanalen  on  a  self d  swfaea  la  vaefiil  for  ok- 

flalnlng  slntetlng,  but  la  difileult  to  use  In  ottiar  esses 
la,  p.  6]. 

In  a  llQuM.  neleettlM  am  mvaUe,  and  the  effset  ef  sur- 
Isce  tanalen  baoeaiaa  naaHaat  in  neat  of  fte  oases.  In  a 
aelld,  however,  mleeules  do  not  nova  eaalty.  and  the  affect 
of  surface  tanalen  is  not  nanlfsst  in  most  eases. 

If  surface  tension  alona  datatnlnas  the  shape  et  a  solid, 
than  tha  concept  of  surface  tension  is  eosily  applied.  However, 
if  kinetic  affects  other  than  surface  tension  are  predominant  In 
determining  the  shape,  conect  use  of  this  concept  la  very 
difficult.    It  Is  also  very  difficult  to  Judge  whether  or  not  the 
shape  of  a  solid  is  determined  solely  by  surface  tension, 

Ice  In  soil  15  under  irtcryranular  stress,  and  never  under 
pressure.    Therefore,  the  Kelvin  for7ni,la  canrjot  be  used 
exactly - 

I(  IS  ti.idltlono I  to  explain  ice-Ions  formation  as  a  process 
InvoSvIng  o  thin  water  Iilin  between  Icc  ond  soil  particles.  It 
Is  restated  by  Jackson  ar»d  Chalmers  L  ISj  and  Is  to  -a  cert-aln 
extent  substantiated  by  Corte's  experiment. 

Everett  states  that  the  thin  water  film  between  ice  and  soil 
particles  has  an  equilibrium  thickness.    This  concept  permits 
the  following  Interpretation:   If  the  p^rt  of  the  thin  water  film 
adjacent  to  an  Ice- lens  freezes,  w<^ter  must  be  sucked  into 
the  thin  •.■■•iter  film  from  the  adjacent  pore  m  order  to  restore 
the  e -I ui li Lii L:m  thickness.    The  .=iuthor  wonders  why  Everett 
does  not  extend  his  concept  of  o.^uilibriu.Ti  Ihickr,e5s  to  ex- 
plain t-he  ormin  of  surface  force.    He  .=iS£jme.'i  [l.  that  ice 
molecules  in  the  curved  p<-,rtior.  of  ,t  capillary  move  into  tne 
body  of  thi:  Ico-U^v  ..:  in  'hi;  .icllon  of  Surface  '.i^niiion,  ond 
that  w<it<;r  mOlot-uUrs  arc  sucked  iti  to  Ix!  frozf^r.  to  forri  .3  new 
Ice  aurf.icc  --ncniscus.    His  assumption  dom:  rot  cordorm  witr. 
othiu  phenomena  of  crystal  growth,  as  explained  abovv. 

The  fiictor  cau.'ilng  .1  mfljor  difficulty  In  the  paper  under 
discussion  might  bo  tha!  !ro;:t-hc.'<vlng  Is  dl.neur.tte-'.i  without 
mentioning  soils.    The  reason  (or  this  Is  not  explained  m 
detnl!  In  the  paper  under  riiscussion  because  of  limltod  space. 
A  detailed  explanation  will  be  given  elsew.'ir-re  I  20'. 

Soils  are  neglected  based  on  the  recognition  that  soil  in 
contact  with  Icc  functions  differently  than  soil  forming  the 
substructure  of  soli  in  contact  with  Ice.    Soil  in  contact  with 
ice  segregates  an  Ice- lens,  but  the  substructure  transports 
heat  and  water.    Even  when  the  substructure  Is  replaced  with 
a  simpler  material,  such  aa  sand  or  filter  paper,  keeping  the 
same  soil  in  contact  with  the  ice- lens,  the  ice- lens  still 
grows,  although  at  a  different  rate. 

For  a  simple  analysis,  the  simplest  substructure  may  be 
used ,  that  Is,  pure  watei  that  contains  no  noU  or  oMier 
material. 

Simplification  of  the  substructure  pnivldes  the  benefit  of 
simple  analysis  but  also  causes  a  drawback  in  that  actual  sell 
cannot  be  represented.  The  author  considers  this  slmpllfloa* 
tion  as  the  first  stage  of  a  complete  solution.  Ihe  actual 
situation  may  be  considered  later  as  the  secofid  Stage  by  con- 
sidering the  properties  of  the  thin  weter  layer  In  note  detail 


and  hr  taplaelng  the  heat  oonduetkm  end  sieterlel  How  in  pwe 
water  and  Ice  with  the  best  conduction  end  material  How  In 
soils. 

It  Is  IMsnstlng  to  see  thet  (0.44  In  the  author's  suppla- 
nent  la  essentlellr  the  sene  ea  Bveratt'a  US)  Cs] .  In  (C. 44 . 
the  first  tsm  en  tte  tight  side  la  the  weik  M  in  Everett* a  (IS>, 
and  the  other  tema  on  the  ifght  aide  atay  be  naglected.  (Ihe 
euthor*e  aupplenont  Included  In  ttila  veluae  Is  e  revised  dle- 
euaaion,  which  Svarett  had  not  seen  when  he  nude  his 
commend . 

Equation  <C.44)  may  be  interpreted  to  mean  that  the 
freezing- point  depression  determines  the  part  of  the  latent 
heat  that  causes  frost- heaving.  Equation  (C.44)  substantiates 
the  view  of  Jackson  and  Chalmers  Cl9]  that  "aupereoollng" 

provides  the  source  of  energy  for  ftost  heaving  If  "super- 
cooling '  is  changed  to  "froezlng-polnt  depression." 

The  authoi  bclicvos  it  convenient  to  dilfcientidte  super- 
cooling from  froozlng-point  depression.    Supercooling  is  a 
metastable  state;  If  a  piece  of  ice  emerges  in  supercooled 
water,  supercooling  ce.ises  in  a  short  time  -(nd  a  si.ilile 
freezing  occurs  at  the  freezing- point  temper.iturc.    In  this 
sense,  ice  and  s'.ipercooled  water  cannot  coexist,  except 
whore  water  flows  at  high  velocity  as  in  the  formation  Of 
enchor  ice        1 . 

The  water  Just  below  plane  BB  in  Tig.  3  in  the  paper  under 
discussion  Is  supercooled.    This  situation  results  from  the 
simplification  adopted  for  m.sthemaUcal  analysis.  However, 
the  actual  soil  water  under  the  ice-lene  la  nOt  StipeiOOeled, 
but  ha.s  rt  lowered  freezing  point. 

In  his  consideration  of  the  efficiency  of  frost- heavirrg , 
the  author  applies  fixed  bojndar,'  conditions  for  heat  flow 
and  water  flow  in  order  to  compare  frost- heaving s  caused  hy 
various  materials.    He  believes  that,  if  the  analysis  is 
carried  out,  the  simple  frost-heaving  In  the  peper  undsr 
discussion  will  show  the  best  efficiency. 

The  entropy  production  is  po.sltlve  in  the  simple  frost- 
ho.nvlnq  In  Fig.   3,  Im-ciuS'-  teinpet.it ure  is  decreasing  upward. 
Th<.;  second  low  oi  thermodyn.-tmlcr.  is  u;ii-d  ir.  this  form  In 
lorm.datiiig  the  Mnult.'.neou:.  flow  ol  w.iter  iind  he»t. 

The  third  .rjuestion  i.ilsed  by  the  .luthor  in  the  p-^p.•t  under 
discussion  is  rx5t  expressly  .iinswererl ,  .i •;  pointed  out  by 
Everett.    Ho%vever,  the  answer  Is  rjbvio.is  in  the  explanation 
of  the  floating  of  particles  in  Corte's  experiment.    Tfie  ex- 
planation was  first  given  by  Jackson  and  Chalmers  ^  13  . 

By  "classical  equilibrium  thermodynamics"  the  author 
means  what  is  known  as  '"therroostatics"  in  modern  termi- 
nology.  He  considers  the  affinity  concept  o(  De  Oonder 
as  a  pioneering  work  In  the  oonatructlen  of  nonaqulllbnum 

thermodynamics. 

Molecular  force  distortion  causes  "the  preferenti.il  orient.i- 
tion"  of  dipole  molecule.s.    This  statement  is  not  clearly  made 

in  I'r.i-  fiApei  ^ndc-.r  di.icu.ssion .  but  the  author's  nwanlng  should 

iMi  understood  Irom  the  context- 
Everett  !i,iy.i  thrtt  the  operation  of  «  pifiton  peim<?.ible  only  to 
water  (Fig.  C.  1  m  the  .^ut.hor's  dlscu.s.iiorj  implicitly  ."tssumes 
the  effect  of  surfnce  tension.    Hi.i  rtrgumer.t  on  thi.s  pc'lnt  is 
difficult  to  urvdersiand.    The  porous  pi.iton  i.-i  n  the>oretlc.il 
device  that  allows  both  appUcjtii^r.  o!  .Mtte'iL^  on  the  ice  .■,.jrfoce 
and  contact  of  the  Ice  surface  with  water.    Properties  Of  the 
porous  piston  may  not  be  considered.   Wh.it  must  be  con- 
sidered is  a  model  that  alknvs  analysis  o(  the  thern>Odyr.artilc 
equilibrium  ber.veen  the  ice  on  piano  BB  and  the  water  Just 
below  plane  BB  in  Fig.  i  in  the  paper  under  discussion,  which 
Is  a  segment  of  a  system  that  may  be  extended  Indefinitely  in 
horizontal  directions  and  does  not  include  any  capillary  action. 
The  porous  piston  In  Fig.  C.  1  may  be  replaced  with  a  semi- 
permeable membrane  that  passes  only  liquid  water  and  nothing 
else .  Then ,  obviously,  capillary  actlon  dnea  not  appear  In  the 
system  in  Fig.  C.  1  . 

The  author  appreciates  the  discussion  by  A.  Assur,  espe- 
cially his  recognition  of  the  consistency  of  the  theory  in  the 
paper  under  discussion 

Assur's  oonection  of  the  paper  results  in  the  same  equation 
as  (C.3)  in  the  author's  supplement,  1(  the  datum  of  the  pres- 
suse  Is  eppiopnstely  chosen,  es  shown  In  the  begiiming  of  the 
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author's  supplement. 

In  the  letter  half  of  his  commont,  Assut  uses  thi-  original 
model  and  tiAnsforms  the  o<judtion  of  rnoigy  (i.il.int  f  ,i\  the 
freezing  (ront,  which  Is  corT«cUd  >n  tho  author's  discussion. 
His  Jisrusston,  as  h«  suMt,  hat  «oa<toale  but  lltti* 

pr.irtuM;  tnt<«r»'st. 

It  IS  intorostlng  to  note  Anderson's  paper  in  this  volume,  as 
discussed  by  Assur.  Amlcrson's  view  may  be  important  In  con- 
sidering freezing  in  sltj  (frost  penetration);  thnt  li,  the  case 
where  soil  w.iter  is  frozen  filmost  In  position,  engulfing  soil 
particles.   It  mf.y  not  ijt-  impcrt.ir.t ,  ho'.vevi'i,  in  consii'.erlng 
freezing  by  segret.=ition  (ice-Jer..-;  lori-i.itlon):  th.it  Is,  the  case 
whvn^  oOil  water  is  sucked  up  from  ,1  Llist.int  pl.At:<-  to  teach  the 
freezing  front.   Freezing  in  situ  1-.  not  inport.mt  tor  ojr  study 
In  the  sense  fh.it  1;  iS  r.oi  :li'tr ini'ni ,\1 . 

The  author  rt^yrels  '.h.^t,  biTMise  of  t.-ic  policy  01  the  cnr- 
fcrcncc,  he  COulf!  not  rev.'ie  the  (  Her  under  discission. 
Discussions  during  the  cnrference  jnd  -at  USA  CRREI.  enabied 
the  author  to  n^ake  correcticns  ^rid  provide  better  explanations: 
thpse  encouraged  him  tc.  ccnpletoly  revise  the  paper.  Author's 
current  concepts  will  t>e  ay.'itenJiUzed  in  another  pjper  l  2U]  . 
consoiidAting  all  the  discussions,  correction,  «nd  comments 
made  by  0»  aulbOT  la  Mm  aubjaet  prtor  lo  ApiU  I'M. 
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THEORY  OF  FREEZING-POINT  DEPRESSION  WITH  SPECIAL  REFERENCE 
TO  SOIL  WATER 

SUUNSUKE  TAKAGI,  U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory 


Si-,  -e  Douyour  -:.-;  [i,  2]  showed  that  som<-  part  of  water  in  a 
cl.jy-wjter  mixljre  did  not  freeze  «ven  ot  -78°C,  the  theoreti- 
cal basis  for  the  Iroei: inrj -pijin!  de^ re ;or.  of  soli  water  has 
been  discussed  by  many  authors  (Edlefsen  .3rd  Anderson  [3]; 
Win;er>;t)rn  [4';  Babcock  and  Overstroot  [5,  h]:  and 
T^yc/ich  [71).   However,  it  is  only  rcrently  th.j;  ■!  satisfac- 
tory :luM:i<![ic.^l  expla-.a". l!>ti  ;::r  this  rher.ciiri.'-.on  V.M 'i  found 
(Tar.ayi    H,  9]).   The  uxpl.in.ii  :  jn  u;  now  extended  further  to 
give  ,1  |e..per  understandlnrj  :.(  the  rreez.r.c;  of  water.  Also, 
the  .jsr.uinptlon  adopted  In  the  clasEical  theory  of  freezing- 
point  .deprL'sslon  Is  discussed. 

Alih:.:u.:jh  the  tncory  of  freczlng-pcint  dcpr-i  sslon  of  a  solu- 
tion i-i  3i  i'ed  :t,  .ilmost  all  textbooks  on  t.iermodyn amies ,  the 
freezing -point  depression  of  other  water  forma,  such  as 
capillary  water,  adsorbed  water,  and  soil  water  cannot  be 
explained  without  an  extentlon  of  the  classical  concept  of 
thermodynamics.   This  Is  done  through  the  \ise  of  fug.ji :i:y  —  a 
more  convenient  concept  than  the  abstract  one  of  Glbbs'  free 
•neigy.    Fugaclty  may  be  Identified  with  vapor  pressure,  thus 
giving  a  physical  conrep;  ic  afford  deep*:!  l.-^slght  into  the 
phenomenon.    In  this  .viy,  an  Arbitrarily  large  freezing-point 
depression  of  any  water  lurm  is  expressed  in  terms  of  vapor 
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press'.-re  in  equ 1 1  ibr nini  w^th  the  water  fur.-rs  considered. 

.S-. per .voo liny  (rnetastab l<-  sl.-iie)  should  be  Strictly  dlstm- 
guliihed  froa,  freez inq -p-s inl  depression  (stable  state).  The 
distinction  Is  shown  through  clarification  of  the  meaning  of 
fraasing  with  feaasbig-palnt  dapraaalon. 

7ERM1NOIOOY 

Suppose  that  a  b:::tii'  of  water  is  put  in  a  cold  chanber  whore 
temperature  ui  .limwn  by  the  ordlnaSo  of  E  in  Fig.  1  .  Initially, 
the  water  tcmi  t^rature  is  at  A.   When  the  water  rools  to  B. 
crystallization  begins;  the  tcmper.^'.ure  Is  ternied  temperature 
of  Initial  crys^jUizaHon  ■    This  tcrr.perature  is  determined  iiy 
some  unknown  intrinsic  properties  of  the  water  and  the 
tecluded  ern  •  jrn  ;  njt  ".^in  . 

A-i  '-rystalllzation  proceeds,  the  mixture  of  ice  and  water 
bei  -rres  warmer  because  of  the  release  of  latent  heat.  At  C, 
the  stable  freezing  temperature  is  reached.   Then,  as  long  aa 
the  system  13  a  mixture,  the  temperature  refTi.^::-,s  ..vons tant 
shown  by  CD.    At  D.  t.Se  system  is  rc-mp-.ise.d  ol  u.e  only. 
From  this  [.;iint  (in,  the  system  bei  n.nie  i  i::i<jlet  again  as  shown 

by  DC,  and  asyinpiotkcally  approaches  the  ambient  temperature 
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A  Initial  tamptraturt  of  Mm  Minpl*. 
B  ItMRffiialuit    inlNal  cvytloNnlion. 

C-D   Temperature  of  trabia  fnMiliig. 


Fig.  I.  ftMslDQ  pteetM  of  «mMc 


Indicated  by  £ . 

hocalf-  C  on  line  AB  so  that  C°  has  the  same  ordinate  as  C . 
Thrn  th<;  wator  sample  between  C  and  B  IB  supercooled.  As 
soon  as  crystallization  starts  at  B,  the  temperature  of  the  Ice 
water  mixture  rises  to  that  of  stable  (reeztng  at  CD.  If.  on 
the  other  hand,  the  ambient  temperature  given  by  C  la  btflMr 
than  the  temperature  of  initial  c:ysullizatlon  B,  but  kWHW  than 
the  temperature  of  atobl*  (reozlng  CD,  then  the  water  aoaiplB 
is  supercooled  but  doas  not  start  to  freeze .  E  must  be  lower 
than  B  ior  Initial  crystallization.  For  crystallization  to  Start 
in  tlM  supercooled  water,  the  initial  crystallization  tempera- 
ture must  be  raised  by  an  adequate  change  In  the  appropriate 
ii.ciL.sic  water  jvopartloa  and/or  Included  oontamtnatloa. 

Even  though  a  water  laakple  reaches  the  initial  cryatalllza- 
tton  temperature,  latent  heat  may  flow  from  the  sample  so 
rapidly  that  the  system  cannot  reach  the  stable  freezing  tem- 
peralura.  This  is  the  case  with  snaU  quantities  of  water.  If 
the  quantity  Is  sufflelaotly  large,  liowever«  lite  Inside  of  the 
sample  will  baoiMU  «am  enough  to  nwlntalii  the  stable 
freeslng  teaiperalm. 

The  stsible  IraMlng  must  be  olear^  dUiefeatlatad  bom  the 
mpereoollag.  M  the  stable  freectng  le^peienire  (CD.  Fig.  t). 
water  sad  ica  can  be  in  thenBodyaesilc  •qpilUbrlum  If  Hw 
amparlaiaint  u  parftormed  edavisielr.  Ja  the  experiment  sien- 
tloned  (FHr«  1)<  beat  in  fhmtag  fmt  the  sample  during  the 
time  laMfvml  eonespondtng  to  CD.  However,  if  the  ambient 
leaiperatHfe  Is  sudden^r  raised  during  this  bitsrval  to  taaipsre- 
ttif*  CD.  than  the  sasw  proportion  of  lee  and  wnler  will  be 
mamtabiad  taidefbiiwiy.  The  system  Is  than  in  thsrsMdynamle 
a^uillbrtaim. 

The  sopeiooalad  water  (at  t',  Fig.  I)  also  oan  bmuimiu  the 
same  ttahts  huiefUiltely.  U  Isetatad  ftam  any  diatuftoanee  from 
oatalds  iha  saswle.  But  this  status  U  metastable  and  u  not 
Itk  Oianiadynamlo  •gulllbrlum  because  even  a  small  dtsmib- 
anoe  of  tlie  sample  oan  oause  biltlal  cryaiallluilon  as  «  result 
of  changes  to  some  InMnsle  prapertles  of  the  water  ead/er 
eontaounatlon. 

In  tte  casa  of  sou  waiar,  the  water  status  Is  net  ths  sasM 
Ibraughout  the  system.  Ibe  oapUlary  water  ts  free  water  under 
the  lafhienca  only  of  Oe  menisci.  As  explained  laisr,  ths 
stable  lieoshig  twspsrslui*  Is  the  highest  m  this  portion  of 
the  system.  In  the  layar  of  adsorbed  water  sunooiMltaig  a  soil 
particle ,  the  stable  fneslag  tMaporalure  will  decrease  from  the 
the  ouuide  toward  the  soil  particle  suifeoe.  In  other  words. 


capillary  water  fimaaos  first,  and  than  the  adaocbsd  walsr 
freeees  greduelly  bom  the  ovtsUa  of  tiia  edeorbed  water  layer 
toward  toward  the  euifsees  of  ihe  soil  particles.  Theroior*, 
the  portion  repreeenting  die  stable  freestng  proenss  of  soil 
weisr  (CD,  Fig.  1)  Is  not  horizontal  but  slopes  lo  Ibe  right 
(Bcskow  [10],  Fig.  22:  Haley  [11],  Fig.  9:  UiwU  and  ICaplar 
[Uj,  Fig.  4:  awinsow  C13J). 


iHEonr  cr  oEiERMiiniiQ  the  SOMIZ  FREEZDIQ  TEMPeilMrUtt 

It  ie  well  known  that,  as  compsiod  with  pun  water,  an 
•queotts  solution  shews  a  depression  of  stable  freesing  tem- 
pecehne .  However,  it  ts  not  so  well  recognised  thst  osplUary 
water,  water  edeorbed  on  a  solid  matorlal,  and  aosw  otbsr 
water  forms  also  show  dwoselons  of  stable  freoalag  tsapora- 
ture.  A  theeretteal  basis  Is  presented  by  whloh  all  those 
phenonena  ere  explained. 

The  essence  of  the  theory  of  frees  tog -point  determination 
to  etessteal  thscsMdyaamies  is:  Whan  two  phasos  of  a  sub- 
atanca  ate  to  phase  ogallibrium,  the  Gibbe'  bee  energies  per 
unit  mass  of  the  two  phases  must  be  equal.  The  fnnctlanal 
ioou  of  the  Oibbs*  6ee  eneigtos  of  the  two  phases  are  dUIar-' 
eat,  but  to  phese  •qullihrium  they  have  the  same  numerical 
value.  When  one  or  both  of  the  phases  are  nultl -component, 
the  Gibbs'  free  energies  per  unit  mass  In  the  Ibeorea  should 
be  replaced  by  the  chemical  potentials  o(  each  component. 
Let  G(l)  and  G(2)  bo  the  Gibbs'  firee  energies  of  phases  1  and 
2.  respectively,  and  let  ft^*^'  be  the  chemical  potential  of 
the  1th  oompoaeat  to  die  irth  phase  (y  ■  1,2).  Than,  for  aech 
phase  (v) 

G^"'  =  ?  Mf'n.;")  (1, 
Itj) 

where  is  the  mass  of  the  1th  oonponent  In  the  yth 

phase,  and  the  summation  Is  made  with  regard  to  the  compo- 
nents. The  tharmodynsmte  theorem  for  the  equlUfarlum  of  the 
amltloamponent  system  of  two  phases  Is  then 


for  all  components  (1)  . 

First,  suppose  a  space  is  filled  with  both  die  liquid  and 
solid  phases  of  a  substance  and  with  no  other  ssibstanees. 
Then,  the  vapor  phase  of  the  same  substance  cannot  exist  In 
equilibrium  except  where  the  system  is  at  the  triple  point . 
However,  If  It  isay  lie  assumed  that  the  vapor  Is  an  ideal  gas, 
the  vapor  pfossura  at  which  the  vapor  bes  the  sesM  value  of 
Gibbs'  free  energy  per  unit  mass  as  the  liquid  or  solid  phase 
Is  oasUy  calculated .  The  vapor  pressure  thus  determined  may 
be  used  tosteed  of  the  ehsireet  Qliriw'  free  energy  concept  to 
obtain  a  sure  tawld  uwdsretendlng  of  phase  equilibrium.  How- 
over,  the  vapor  pressure  must  not  be  confused  with  the  actual 
vapor  pressure.  In  chemistry,  the  vapor  pressure  thus  defined 
Is  called  fiigaclty  (oroeeaplog  tendency)  [14].  This  usage  Is 
followed  to  avoid  eonfttsloa.  FUgeclty  is  a  substitute  (or 
Olbbs'  ftee  energy  per  unit  swss,  or  chemical  potential,  aod 
m«y  be  identified  with  the  actual  vapor  pressure  wbsn  ths 
vapor,  considered  Ideal,  Is  to  equilibrium  with  the  existtog 
llVild  or  solid  phase . 

If  one  or  both  of  the  phases  are  multioompenent.  It  Is  easy, 
assuaUng  the  vapor  phase  to  be  a  mixture  of  Ideal  gases,  to 
calcutote  the  vapor  ptessuie  of  e  cooqxinent  substenoe  «t 
which  Its  vapor,  if  brought  tote  direct  contact  with  anedwr 
phase,  will  have  the  aaaw  chemical  potential  as  die  compo- 
nent substance  to  this  other  phase .  The  vapor  pressure  thus 
dslsrmtoed  to  equal  to  fugaelty.  Thto  approach  Is  possibto 
even  though  the  vapor  phase  stay  not  actually  eixlst  to  tiie 
system.  Tiie  fiigacity  of  a  component  of  the  aiultlcoBqianent 
system  to  thue  defined. 

For  example,  let  us  consider  an  aqueous  solution,  the 
wator  to  the  nwntsctts  of  a  capillary,  the  watar  adsorbed  on  a 
solid  material,  or  cesibtoatlans  of  these  such  as  an  aqueous 
sototion  to  ths  stenlseus  of  a  oeplllary  or  an  aqueous  sototlon 
adsorbed  on  a  solid  matertol.  It  to  assusied  that  all  these 
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Fig .  2 .  SebMnBlle  rapraamutlon  of  Hw  pi»n  diagran  of 
water 


llqHida  K9  In  aqulIUirluai  with  mlor  vapor  of  equal  vapor 
preaaure.  Then,  from  the  thenwdynamto  theerem  iiatad 
above,  all  water  ferae  la  theae  Ugatdt  have  Om  aaae  amount 
of  Gtlibe'  tree  energy  per  unit  met,  or  ehaaileal  potential, 
and,  therefore,  the  aame  anount  of  fuaaclty.  The  uae  of 
fugacity  has  an  advantage  over  the  uae  of  dw  Gibha'  Itae 
energy  per  unit  otaaa,  or  ofaemtoal  potential.  In  the  theory  of 
freestng-polnt  detemUiation  developed  below. 

Pig .  2  shows  acheflMtieally  the  phase  dlagcaat  of  water. 
The  abscissa  atay  be  either  vapor  assure  or  fugacity.  Mow 
there  aiay  Jm  a  widar  application  of  Um  phase  diagram  con* 
cept.  The  portion  of  the  abscissa  wlMre  dw  fiigacity  is 
negative  is  not  ocnsidafed. 

Consider  the  foraia  of  water  in  a  awniaous,  water  In  an 
aqiMoue  aolutloR,  water  adaorbed  on  a  aolld  naterial«  and 
ooBiblnatioaa  of  these .  It  Is  fcnoim  dtat  vapor  preaaiaM,  or 
fugacitles.  of  these  speciel  waisr  foras  ars  awaUer  than  the 
saturated  vapor  pressure  at  the  sanw  temperatura.  A  point, 
SuCh  as  P,  representing  the  equllUirluin  of  these  special  water 
foniM  oiuet  tae  located  to  the  left  of  point  Q  on  line  OA,  the 
nonnal-llquld/vapor  iwundary  (rig .  i] . 

The  water  nay  not  be  in  direct  contact  wkth  water  vapor, 
because  (ugadty  Is  considered  Instead  o(  vapor  pressure. 
Moreover,  the  liquid  phase  may  not  be  uniform,  Elnce  the 
point -to -point  distribution  of  fugacity  may  be  considered  In 
the  liquid  phase.   Tor  Instance,  the  liquid  phase  may  be 
adsorbed  water  on  a  solid  where  the  adsorption  force 
Increases  Inward  toward  the  solid  surface.   It  Is  known  that 
the  thinner  the  adsorbed  layitr  the  smaller  the  water-vapor 
(>ir.i;aj:<'  that  IS  in  thcrxnriyn.jmic  <;q j .  1  .ori'.. m  with  t^ifj  licjuid 
wj!<;j  at  the  adsorbed-layei  smtac-:- .    It  n-jcsy  be  assumed,  on 
this  basis,  that  fugacity  decie.ises  truni  t.'ie  outside  cf  the 
adsorb<?d  layers  Inward  towdrd  the  soi-d  Mir(cic:e  tj*ij-'t--enJix  11, 

Suppose  ihjl  Ihu  w.jiiT  n'[  ri' M'nl<-d  by  P  1:;  cuoled,    Iheu  it 
will  move  from  P  along  a  cur-'r  PR,  j  locus  of  Ihe  c;(x:liny 
process,  and  will  eventUjUy  roach  CB.  the  w.iV-r  vopnr/ 
normal-Ice  boundary  R.   An  inr'^rtjnt  ■3S5i.im;:ilii,'r.  in  the  clja- 
Blcal  LhC'ijfy  of  frooz  inq -pcirit  det'.rniinjlLor.  is  !hjt  ice  formed 
from  any  .vriter  form  13  the  same  as  normo;  ice.    Then  R  is  the 
freezing  po.nt  of  the  water  specified,  i.e.  ,  where  i:  is  in 
equllibr iuxri  with  normal  Ice.   This  assumptio-.  i.-nj  l ii'-;  ;h.it  the 
ice  formed  has  the  saT.^-  thermc.dyn  irn:c  tirop<Tlifi  in  .ill 
cases.  The  possibility  that  In  some  cdscs  surface  propertius 
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or  crystal  dislocation  cr,ter  signtlicmtly  is  neglected.  ThlS 
fact  will  be  evident  in  the  ijlscusaion  section. 

Thus,  a  locus  of  the  cooling  process  is  Important  for 
freezing-point  determl.'.atlon .   In  the  case  of  ar.  aqueous  solu- 
tion, it  la  assumed  that  water  fugacity  is  dt.-t.-ririi:.eLj  only  by 
water  cont:entration  without  reference  ta  ,iny  ol.'ier  corulltlon  . 
Therefore,  the  locus  PR  ol  caoUng  .m  nij,j<!<ji.s  i.uiutlrr.  :i-.fiy  be 
determined  on  the  oor,dltinr.  '.h.it  the  walur  concentration  in  ;ho 
solution  IS  const  jnl.   When  the  changes  of  p  and  T  are  small, 
the  locus  PR  determined  on  this  assumption  is  a  straig.^t  line 
parallel  to  OA  (Appendix  2) .  As  a  part  ol  the  water  turns  to 
Ice  In  the  aqueoija  solution,  the  water  [:anci  ntratlon 
decreases;  the  w.it.-r  luy.jclty  in  the  cnuetjj;;  i.olullon  then 
becomes  smaller,  a-.d  the  sioble  ireezinq  temperature 
docreasrs  qradjally.   Thus,  the  p-ortion  corresponding  tc  CD 
(Fig.  1)  In  the  freezing  ciirve  of  aqueous  scrJjtlo!^5  slopes  tc 
the  right.    It  is  interesting  to  note  that,  t  i  formulate  the 
freezing-point  depression  of  a  solution  m  the  nelghtiothood  of 
a  triple  point,  "C'lemistry  Made  Simple,"  Hess  [15j  uses  a 
flraphlcal  method  that  is  essentially  the  same  as  the  method 
here  but  made  simpler  by  Introducing  empirical  data. 

In  the  case  of  adsorbed  water,  the  locus  PR  may  be  deter- 
mined on  the  condition  that  the  ratio  of  the  adsorbed-watar 
fugacitles  and  the  saturated  water  vapor  Is  constant.  Then, 
if  the  cha.--.ge  of  p  and  T  Is  small,  PR  Is  again  parallel  to  OA 
(Appendix  2) .   It  is  now  clear  that  the  equilibrium  freezing 
temperature  of  the  adsorbed  water  decreases  from  the  outside 
toward  the  solid  surface,  because  the  adsorbed -water  fugacity 
decreaaes  from  the  outside . 

However,  tn  some  liquid  water  forma,  the  fieeslng  process 
la  very  complicated,  and  cannot  be  descrlt>ed.  For  instance. 
In  the  case  of  soli  water,  the  water  fugacity  Is  dependent  on 
the  ''eometry  of  the  accumulation  of  soil  particles  and  ice 
because  of  the  axlsienoe  ol  menisci  and  adsorbed  layers.  The 
capillary  water  will  freeae  first.  Then ,  because  of  expansion 
during  the  fresslng  process,  soil  particles  will  move  and  will 
not  be  in  the  original  position.   Moreover,  the  existence  of 
Ice  will  change  the  fugacity  value  because  of  the  existence  of 
surface  tension  of  ice.  Tor  such  watar  forms ,  the  stable 
freezing  temperature  of  the  water  represented  by  p  cannot  be 
correctly  described. 

A  water  drop  has  a  vapor  pressure  higher  than  the  satura- 
tion value  for  bulk  water.  Therefore,  the  point  representing 
the  phase  equlllbrtum  of  a  water  drop  is  to  the  right  ol  Q,  say 
at  M  <Pig.  9 .  If  It  awy  be  aaaumed  that  the  radius  of  the 
water  drop  is  eonstant  tshlls  the  water  drop  Is  oooM,  then 
the  cooling  process  MM  oaa  ba  located.  It  the  Bsauavtlsn  In 
the  elaaslcal  theory  of  Unas hig-polnt  daiacmliiatloa  la  ful- 
filled, N,  at  which  the  looua  MM  meets  OC,  is  the  stable 
freeaing  point .  Then,  the  temperative  of  ataUe  freealng  of  a 
watar  Aop  Is  also  depiesaed,  although  tba  amount  of  depiwe- 
slon  is  very  soiBU,  as  may  he  derived  by  a  method  slmllsr  to 
that  used  by  TakagI  [9,9].  However,  beeauae  of  the  aaiall 
vehMBo  of  the  water  drop,  the  latent  heat  evolved  during  the 
phase  change  Is  not  usually  suftteiaM  (o  raise  the  stable, 
freacing  ieaiparatura.  thus,  the  portion  eeirespondlng  to  CD 
(rig.  11  oanmot  usually  be  raallaied  in  Oie  fraachig  prooass  of 
watar  chops. 

It  la  well-lDHNm  fliat  any  vapor  haoomes  Ideal  as  U  is 
rarefied.  In  the  temperatura  range  of  oenosm  ban,  the 
assuisptlen  of  Idsaltty  for  watar  vapor  la  suff lelantly  cenaet 
as  shewn  In  Table  I.  Whan  the  ptasawa  Is  aaallar  than  the 
saturation  value,  die  dlacrspaney  beeoaws  saallar  than  those 
indieaied. 


URGE  Dtl'lliSSKjN  OV  STABU  MUIEZING  TEMPERATURE 

The  cooU.ng  proces;;  in  whitdi  p/Pn      *^*P'  constant,  p  being 
siiialler  trmri  j-i^-^,  is  considered.   Ther.,  when  th-"'  :"is:,-iViptlon 
m  the  classical  theory  of  fieez:ng-polnt  determliij.i,„:.  is  ful- 
filled, a  water  sample  will  start  to  freeze  at  th-s  temperature 
where  p  =  Pj  ,  In  whitrh  p   is  the  ice -saturation  pressure  of 
water  vapor  (i.e.  .  the  wnter-vapor  pressure  In  thermodynamic 
equilibrium  with  the  flat  surface  of  Ice).  The  restriction  that 
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In  Dm  eoeltaff  pnetu  p/p  la  topi  eentiant  It  not  Important. 
U  Ma  nqiiliMMat  la  not  att  in  n  eooUaa  praeua.  wt  ahould 
eonnidw  •  noifliborhood  of  tho  snblo  iPMSIno  toaparatun 
wbaM  Ite  nqulraMiit  in  miftlelntttlr  fulfilled. 

WasUiuni       darlwad  a  fcnaula  for  Pi/p^  •  wtoera     ,  tha 
waiar-aaiiiratlon  praaawa  of  wniar  vapcc  U.a..  dw  wator- 
vnpoc  praaaura  In  flMfOwdynanle  •qulUfarlua  witfi  tto  flat 
aucfaoa  of  aupareoelad  tratai)  It  utod  Intlaad  of  Pj^.  Sho 
nlatlon  baiwaan  tha  llraatlng-polM  dapaaaalon  tanu  and 
p/p^  determined  by  use  of  Waahtont's  formula  (FI9.  3)  la 

too  I-- -MfHI  l«'*lAt)^ 


+  0.9M4  X  I0~'  {M* 


(tt 

nw  Ortt  lana  In  tte  rtght  hand  sMa  of  13)  to  glvan  by  tba 
tenolatloo  In  Mw  olaaaienl  ttooir  of  feaaslna-point 
dolerBtawtlOB,  at  ahewn  by  Taleagl  (8,  9]. 

Watfbbum'a  darlvatlon  la  batad  on  (to  onplrlcBl  ionnilat 
of  e^aoid  Ojf  Om  *p«ci(tc  heat  at  conataat  pwttura  of  aopar- 
ooolad  wstar  and  Ice .  respectively.  Tha  facBMln  of  0,^  M 
determined  using  the  dau  of  baniaa  aod  Codto  obtalnad  at 
only  three  polnM:  S" ,  0* ,  and  'i'C*  tba  fonwla  ior  e|  it 
tba  one  obuinad  bf  Oicklnaon  and  OabonWi  adUch  to  known 
to  ba  wild  baiwaan  0*  and  -4(1*0.  tlhm  walno  0.S4S2  In  tba 
fanaalB  of  c. ,  in  Washbum'a  papar  to  a  aitoprlnt. 
C(.  Dia-sey  [17],  pp.  479  and  S62.)  Even  thouQb  WaaKburn's 
focnuto  Is  an  extrapolation.  It  agrees  well  with  the  empirical 
data.  When  he  compared  the  values  of      -       calcutoted  by 
his  formula  with  the  corresponding  differences  between 
directly  measured  value*  obtained  by  Relchsansialt,  he  found 
that  tha  ataxlauim  value  of  (p.  -  p^  caleulaiad  -  (p|  -  p^ 
obaerved  la  only  0.004  mm  01  Hg  at  -16°C  and  decreases  as 
O'C  Is  approached.  According  to  him,  the  temperature  meas- 
urement by  Relchsanstalt  was  uncertain.   However,  an 
uncertainty  In  the  temperature  scale  Has  s  iMuch  smaller 
Influence  on  pj  -        thnn  It  docs  01:       and  separately. 

Mr.rr  rucont  dotj  by  -so  of  Goif-Gratch  formulation  [18] 
indicates  that  tho  qraph  (F113.  3)  Is  sufficiently  roliablo 
between  AT  =  0"~  SO'^'C.   The  Goff-Gratch  forin'jla  of  p  la 
believed  to  be  accurate  as  far  as       =  SO°C,  but  the  curve  for 
p  /;    I  h- jii;od  by  use  o!  Goff-Gratch  (MniUt  U  notl 
aFle  when  extended  beyond  AT  >  SO'C. 


DISCUSSION 

To  datarmlne  the  chemical  potential  of  water 
aaatgy  of  liquid  walar  must  ba  oouldarad 


at  in  Iho  caaa  of  a  watar  diep.  Iba  aurfaco  anaigy  of  loe  i> 
navw  oontldaNd  boeauto  of  Iba  otauaptlen  wllb  xooacd  to  tba 
ttaia  of  lea  Ut  tha  etattloal  Ibaory  of  ftaasing-point  dttanl- 
natlen.  If  tfia  avrfact  onaagy  of  lea  la  oenaldand,  OB  and 
OC  (Plff.  2)  wuif  ahllt  to  olbar  poaltlana  In  tba  aaaia  awonar 
aaOAablfUtoMK. 

Practoaly  apaaking,  tba  body  aaavgy  lopaaaonu  dw  anaigy 
In  a  bonwganaoua  piiaaaf  and  ibo  awfaca  anaagy  amat  ba  takan 
at  dw  anargy  In  a  hataaeganaeot  pliaao>  Tha  heongantoua 
piwaa  to  a  Uo^  of  lea  ta  tha  alagla  eryatato  at  eoatpooaat 
oyMala  of  lha  polyoryttalllna  ainietura  of  loa.  biMnwl 
bouadartoa  tatuMan  alngto  cryauto  and  axtamal  beundartoa 
ampoaad  to  otbar  aubatanoaa  outalda  tba  loa  an  baiaraganaoua 
ptwaat.  Itao  anargy  oontolaad  to  «  bataroganaoua  phaaa  nay 
ba  tokan  «a  prapoftlonal  lo  tto  arao  of  tto  boundartoa» 
aMwugh  tto  propoittonallty  oonttanta  aiay  to  dlflwant  with 
dtffBfant  boundary  fbnaa.  Aeoordtag  to  thta  oentMaratlea,  Ito 
ehanteal  potanttol      of  lea  it 


bM 


a   a  a 


(4) 


(S) 


G«y.  the  surface 
It  ta  inpoctaali 


In  which  rjj  and         are,  respectively,  theGlbbs'  tree 
energy  per  jr.lt  mass  and  the  mass  of  one  of  the  cortif-onent 
single  crystais;   03   '^"d         are,  respectively,  ihe  :!utface 
energy  per  ur.lt  ol  area  and  the  surface  area  o(  one  ol  the 
boundane.i.  and   M   Is  the  total  mass  'if  water  substance  con- 
tained m  ihe  Ice  bluck.  Summations  ol  ttie  ll/s;  and  second 
terms  extend  to  all  single  crystals  and  to  all  Inieinal  and 
external  boundaries  ,  re  spec  lively.  Then        changes  with  the 
size  of  i:orr.pijr;fn:  single  crystals.   Moreover,  It  Is  necessary 
to  Introduce  tll3U:crtti;;n  effects  In  Ihc;  (OTroulotlon,  although 
dito  totroducUon  IS  still  unpoijtittilo  with  prt'si.'nt  knowledge. 

It  seems  Ukoly  that  the  stable  frui-'zlnq  tcnip<?raturc  deter- 
mined with  the  inclusion  of  surface  or.erqy  and  dislocation 
will  OC  [owcr  than  the  stable  freezing  temperature  determined 
by  use  of  only  body  energy.   This  assurr.ptlon ,  if  true,  leads 
to  the  following  Interpretatsor.  of  the  assumption  m  tlie  c:ias»l- 
cal  theory  ol  fieezmg-poi-i  cieti!rrnln.it:::n  that  th<-  lc<-  lormrd 
from  any  waler  lorm  is  the  same  as  normal  icr:   The  size  of 
component  single  crystals  is  so  large  at  the  stable,  freezing 
temperature  that  tho  effect  of  surface  energy  nay  be  neglected 
m  the  deterrr.lnatlon . 

However,  in  some  water  forms  such  as  a  small  water  drop 
and  a  Ihto  layar  of  adaeibad  watar,  tto  waxlnuim  tiaa  of  alngla 
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GcyaMlft  iaoMd  la  Ilia  BystaB  is  UniMd.  Ihm  Ih*  achiat 
stsbia  freexlng  tsnperatura  wUl  b* 
by  UM  of  Om  cImiIobI  Mnmiitlaii. 

Ihl*  dlieiMilon  nwy  be  too  otaipla  lo  ttgaUr  iha  aelHal 
fcooElng  pmcatt  inaldo  tbo  solid  ^so.  Nooosslty  for 
dstallad  study  bi  eaaaaetlan  wllb  lbs  trawtlftg  pcecsss  la 
tndicaiad, 

WFENDDC  1 .  CHEbOCAL  raCENTni  IN  Ml  M3BOWM5D  UVER 
Thermedynamle  aqutUbrbim  bi  (ba  flald  of  poHatlal  #  Is 

determined  by 

'f  0  -  conat.  (Q 

|t  Is  4ie  chemical  potential  of  tbe  ocnsldared  sub- 
Hi*  isaaahiB  of  ihta  equetloa  beeoaas  elear  when 
die  gravitational  fleM  is  eonsldsiiad.  VMantlal  ^  changea 
wtih  altltuda.  and  aqHtlibrtun  of  dw  substance  §•  governed 
by  (6) .  The  Craeslng  p^t  is  dleaelly  dalsnBlnsd  by  n  . 
balaa  Indbeetly  influenced  by  atuiuda, 

Ih  an  adsorbed  layer  It  la  dlff leull  to  know  wbatber  (be 
ferea  of  field  baa  a  potential.  But  for  sUnpis  traetnent.  It 
awy  ba  supposed  Ibat  ^  beeoaws  larger  taiward  toward  lbs 
setid  surfsos.  Ibis  ttaatment  is  made  rigorous  In  tbe  text  by 
use  of  tbe  ^Sieal  aUMnlny  o{  {ugoclty. 

APPCNDIX  I.  FRDESmO  lOCI  IN  THE  NEIGHBORHOOD  OF  THE 
TRin£  POINT 

tet  ityt  and  p  ba  ebenleal  potanttal  and  fugaclty  of  tha 
water  fem  under  oonsidaratlon,  respectively,  at  temperature 
(T*10;  let  Gff  and  Pq  bo  chemical  potential  and  fugaclty  of 
the  water  wlOi  a  flat  surface,  respectively,  at  temperature 


a    -G  log  g- 

o     M  ^e 

where  R  Is  the  gag  otmstaat 

of  water. 

Substltutkm  of  the  relations 


(7) 

and  M  la  die  nolecular  weight 
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Tharofnre  PR  or  MN  la  alnoat  parallel  lo  OA  bi  iho  nelgh- 
beibood  of  iha  triple  point  (Pig.  4 . 

The  following  vahies  were  obtatnad  bosi  Cv  bt  SBltti- 
sonlan  Meteorologleal  Table  91  [IB]. 
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DiaCUSStONS 

AVTHOR'S  SUPnEMENT'^be  author  laaU  obligated  to  add  a 
supplaswnt  to  this  paper  since  reelislng,  after  the  paper  was 
aabmlUied  to  the  conference,  diet  tbe  swat  Important  objective 
may  not  be  elaar:  Naowly,  to  demonsirala  the  linitad  uaaiul- 
ness  of  elBSSloel  tbenaodynamlc*  for  tha  tbeory  of  fraazUig- 
polnt  deteminetlon  and  also  for  the  thenaodynaailca  of  aoU 
awlatuM.  The  first  sisp  Is,  as  shown  In  the  paper,  to  sim- 
pllfy  exiatlng  oonoapts  cn  freezing-point  detemlnation. 

Sbice  laekeon  and  Cfaalmers  have  attribuied  the  energy 
source  of  frost-beawlnB  to  d«a  superoooUng  of  sell  water,  a 
oarMbt  eonfbeten  eeeais  to  fa««s  raaulied  cegaidtng  die  con- 
cepts of  supercooling  and  beestaig-polnt  depression  of  sell 
watsr.  Ihe  experlnental  dlstlnctian  of  die  turn  oamespu  is 
sesisibnes  difficult,  but  thecretloaUy  dwy  am  clearly  dlfiar- 
entlalad.  It  seeaie  that  knowledge  of  this  dlatliiBtlon  is  flia 
first  Slap  for  theoretical  understandtaig  of  tbe  6aat<beavbig 
problem. 

Explanation  of  trie  theoretical  distinction  becomes  very  ca«y 
and  under stdndaule  when  the  concept  of  fugacity  is  adopted. 
As  shown  in  the  text,  the  explanolion  requires  only  the 
physical  concepts  of  vapor  pressure  and  the  use  of  the  phase 
diagram . 

Fart  of  the  phase  diagram  concept  has  been  applied  in  the 
paat  to  explain  the  change  of  freezing  point.  For  the  freezing- 
point  depression  of  solution,  tha  vapor-BoUd  curve  is  used  in 
the  phase  diagram  of  the  liquid  tuidar  conalderation .  For  the 
solidification  of  pure  liquid  under  pressure,  the  liquid-solid 
curve  Is  used.  In  aoll  physics  the  water-ice  curve,  when 
cooa  uaed  to  Intacpret  the  freezing-point  depreaalon  of  eaptl- 
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lary  WtMr,  showed  incorrectly  that  the  frooztnq  point  of  soil 
wattr rlsas  as  the  pressure  Is  decreased.  Use  of  the  entire 
concept  of  phase  diagram  Is  achieved  only  thioufh  the  physical 
concept  of  fugaclty. 

The  large  freezing-point  depression  Is  first  formulated  In 
the  paper  by  extending  the  above  concepts.  It  is  interesting 
ttat,  as  explained  in  the  text,  the  freezing-point  depression 
to  dvpsndrat  en  the  cooling  process  of  the  sample.  This  fact 
to  MPMtolly  rtmarkable  for  a  laiya  fraulng -point  depression. 
Althouflh  tl  to  nttmt  M«y  to  plot  tiMemiealiy  m  uie  pbas« 
dlaoram  the  ooollng  pnetM  of  an  aquoous  solution,  a  watar 
drop,  and  waiar  at  tha  aMiUacaia  of  fixed  radius,  it  is  very 
difficult  to  plot  theoretically  the  cooling  prooats  of  soil  watar. 
therefore,  precisely  spealclng ,  the  freezing  point  ot  BOll  watar 
cannot  ba  defined  vniOout  apaclfylng  the  cooling  |xooaaa« 
althoutfb  II  nay  te  <Mlnad  for  aoiaa  other  water  fdnaa  by  aucb 
oonditlons  aa  a  eonalant  eenoancratlon  of  aokiiaa  cr  a  oon- 
atant  radlya  of  euxvaiuia  during  tha  oooling  praoaaa. 

DtificaRy  arises  in  eonnaetlon  with  the  batecoganaous  and 
nen-Paaoaltan  Mtura  of  adaoibad  watar.  CFor  an  anplanatioa 
of  tha  non-Paaoaltan  alata«  aae  "Pundanmitato  of  the  ibaory 
e(  Fraat-Kaavtng"  In  dito  vohiaa .)  It  ta  wall  aalabllahad  that 
avan  at  a  vaty  low  laoipatiatoira  a  cartain  aiMunt  of  aell  walar 
ittll  lanalna  unfiroaan,  and  tha  lowar  tha  tanpatatim  (ha 
anallar  tha  anount  of  unfmaan  watar.  Explanation  of  tttto  laet 
to  ana  of  tha  aialn  objactlvaa  of  tha  thanaodynanloa  of  aoll 
■etoture .  Howevw*  HwnBodynamles  of  aoil  awlatura  la 
aaaanttaUy  that  of  honoganaova  (oaplllary)  waior.  FV  ttanno* 
dynantoa  doaa  not  apply  to  tha  adaoibad  Cnen^aaeaUan) 
walar.  It  la  poaaibla  lo  davalop  tha  non-PV  tharnodynanlea. 
but  tha  hatarogaoalty  oaoaot  ba  daaerlbad  at  praaant  avan  wUh 
tha  a»at  advanead  knowladga  of  thaoratleal  phyalea. 

An  adaptation  of  the  honwgeneous  PV  thanaodynanloa  to  lbs 
adaoibad  walar  haa  liaan  attampted  by  savaral  auttwrs 
tacladlaa  Oia  proaant  wrltar.  Iba  pbyalcal  fact  laadiwg  to  ttato 
adaptation  la  ilia  followtag:  Tha  Oilnnar  Iba  adaorbad  layar, 
iba  lowar  ttaa  preaauiv  of  water  vapor  In  aqutlUirlun  wldi  the 
adaoibad  layar.  niarafoiat  tt  nay  be  aaauned  0iat  iba  fugac- 
lty of  waiar  faaoeaMa  amller  bi  tha  adaorbad  layer  aeaier  lo 
the  aolldpartlola. 

te  InlarpieMtlon  ot  thto  view  by  tiaa  of  homogeneoua  Ibar- 
■Mdynaalea  la  die  introduetlon  of  tha  adaorption  potential  aa 
ahomi  In  Appendbt  1  of  tbe  paper.  HoMawar,  iba  adaorpUon 
potential  thus  intooduoad  is  quite  differant  from  the  poMnttola 
fanillar  in  physics.  The  force  field  of  the  adsorption  polen- 
ttol  Is  formed  by  the  solid  particle  on  which  the  layer  la 
adsorbed  and  also  by  die  layar  that  la  adaorbad  on  tha  particle. 
The  surrounding  substance  must  l>e  considered  In  the  daterffli- 
natlon  of  the  potential.  This  force  field  Is  restricted  to  the 
inside  of  the  adsorbed  layer,  and  varies  with  the  thickness  of 
the  layer .  It  may  be  doubtful  If  a  potential  oxlata  for  eucb  a 

forcrj  ll<;ld. 

Although  the  Interpretation  is  r.ct  sj'.isfdc'.ory ,  ".ho  Ir.rcycing 
assumption  appears  to  be  trjc  with  regcird  to  the  distribution  of 
(ugaclty  inaltle  tlie  adsorbed  layer.   If  true,  the  assumption 
may  bo  usod  from  the  rlasslnal  tfioory  "(  fteezlng-p  Int  deter- 
mination: That  the  ic<:  t'.:;mi^'.i  frtim  a.-.y  wnier  frjrrr.  la  iho  ;iame 
as  norma!  Ice.  This  moona  tti,il  only  wdler  properUiiS  Uetei- 
nilne  the  Ireezlng  point,  regardless  of  the  Ice  properties. 
Then,  the  iugacity  of  Che  water  determines  the  freezing  point. 
If  the  cooling  processes  are  adequately  restricted.   Tbla  la  liie 
view  adopted  In  the  ireez'.ng -point  depression  paper. 

This  view,  hiiwevur,  is  still  debatable .    The  ice  formed  In 
the  adsorbed  layer  Is  very  small  because  the  adsorbed  water 
must  freeze  layer  by  layer.  Then,  the  surface  e.-  ergy  of  an 
Ice  crystal  Is  relatively  large  as  compared  with  tho  volume 
energy.  The  form  of  Ice  probably  must  be  considered  to  dotor- 
mlne  the  freeslng  point.  In  this  case,  the  assumption  In  the 
classical  theory  of  6«aslng-poJat  dateradnetton  any  not  be 
valid. 

DISCUSSION  or  TAKAGl  PAPERS 

R.  D.  M1U£R— Takagl's  enthusiasm  for  his  subject,  and  hla 
pcoUfle  pen,  produced  flva  aiaauacrlpta  where  he  tniended  to 


write  but  one.  The  first  two  brought  reactions  that  evoicad 
two  more  before  the  Permafrost  International  Conferenoe  con- 
vened. Public  and  private  discussions  at  the  conference 
raised  issues  which  Inspired  tha  fifth  manuscript.  It  sovms 
improbable  that  space  will  permit  publication  of  the  whole 
sequence,  nor  can  the  wide-ranging  dlscuaalcn  be  reproduced. 
1  have  chosen,  therefore,  lo  aiarely  Uat  some  paraonal  viawa 
that  seem  to  me  to  differ  froii  Takaffl'a  vtows  In  one  or  MwOor 
of  his  manuacripts .  As  a  coaaaquenoe,  aooM  nay  aeon  lo  ba 
irralevaat  to  that  which  nay  actually  appear  aa  Takagl'a 
centribtttlen  to  tha  conferenoe. 

1 .  It  aeems  to  ma  that  tbe  cfaoloa  between  ftioacitv  arul 
fcaa  energy  aa  the  moat  euitable  therawdynamic  quantity  for 
a  dtocuaaton  of  freealng-point  daproaslon  of  soil  water  ta 
anuraly  a  natter  of  laaia.  I  mm  no  particular  advantage  le 
Takagl'a  choice  of  fugadiy  for  ihla  purpoaa .  Though  they 
appear  In  diflarent  (arm,  the  IdanUoal  problems  are  ancoun- 
larad  nAatever  choice  la  Made. 

I.  In  the  Uniting  eaae,  (toat-haavbig  nay  be  regaided  aa 
a  revaralbto  praaam-voluna  heat  engine.  It  to  not  neoeaaacy 
to  look  to  the  tharaodynanlca  of  irravaralMa  aystena  lo 
underatand  bow  tbm  work  ot  heaving  can  ba  obtotaiad.  Water 
migration  toward  a  growing  Ice -lens  can  be  treated  in  the 
conventtonal  nachanloal  manner.  It  le  not  dependant  on  a 
tamperatun  gradtont  and  a  oonounent  tranapoit  of  beat  (oiltar 
dian  toiant  bee4  to  e»  asm  direction.  Identifying  'Hw 
eouroa  of  onevgy  te  Hu»  work  of  heaving'  to  purely  an  arbi- 
trary natter  detonalned  by  the  ayalen  of  bookkeeping  dioaen. 

3.  At  firat,  Takagl  worked  fion  tha  prantoe  that  the  pcea- 
awaa  to  loe  and  water  phasaa  to  heavfag  ayatana  wane  aqual. 
It  to  gratifying  lo  noM  dial  ha  abandoned  thto  Idea  to  a  laiar 
nanuaorlpl. 

4.  rasears  prtodpla  la,  to  eCtoct,  e  atotaoMnt  of  ttaa 
imlfacmlty  of  apeolfle  potential  energy  of  iraler  tbraiiglMMit  a 
body  of  a  Nawnolan  ttwU  at  raat  ta  Iba  Earth'a  gravUatloaal 
ftold.  The  ■non-faaeallan  bohavler' of  water  ta  dM  Corto 
experiment  diaouaaad  by  Takagl  to  nfaned  to  thto  nodal.  If 
tbe  prlnolpto  la  aitMadad,  however,  ao  that  tha  aaparato 
affects  on  potential  energy  due  to  gravity  end  the  local 
adsorptlve  flelda  diat  are  presumed  to  exist  near  aoll  partleles 

arc  combined,  it  follows  thot  there  m.ust  be  a  p<.'rturi;atlnn  in 
the  vicinity  of  the  partlc'e  and  one  may  ass-jmo  that  the  pres- 
sure field  diiquiies  a  cor.fiq  ji  it.ij;   -.liir.  v. .  11  3upport  the 
particle,    !n  Ih'.s  brn.-.der  sf;,;,i: .  ;hi-  bt.lirtVi:;i  .jt  the  water  in 
supporting  the  porlioli-  cjn  be  n'g.irded  .is  "Fascallan"  and  it 
Is  not  necessary  to  assume  non -Newtonian  propcrt it?s  — I  .e  . , 
static  resistance  to  shearing  force— !cr  the  water  .n  the  film. 
Indeed,  a  model  that  requires  rigidity  of  the  adsco-bed  water 
In  order  to  support  the  particle  would  aeem  to  preclude  the 
mobility  of  wAter  In  the  film  that  Is  hit  essary  lo  the  explana- 
tion of  Ccrte's  experiment.   II  Fviiical';;  principle  Is  restricted 
to  the  effect  of  gravitational  potential  cnortjy  only,  then  it  is 
necessary  to  spoak  of  nor.-Fascailan  behavior,  ujt  It  is 
unnecessary  to  postulate  non -Newtonian  p-rop^rlies  for  the 
film. 

5.  I  vmsl  that  Takagl  has  made  corrections  m  his  remarks 
about  adsorption  potential,  as  used  In  an  appendix  to  his 
original  paper  or.  freezing-point  depression.  Within  a  partic- 
ular film,  fjgacity  must  be  untteiK  but  It  may  Change  aa  film 

thickness  changes. 

6.  Until  11  IS  prnver.  [jtheiwlse.  It  seems  reasonable  to 
suppose  ih-il  .in  ice-:i-ns  lorms  in  d  condition  of  Isostasy. 

It  mjy  ue ,  .115  Tjkagi  ren-j.nrks,  th.i!  smoll  cjrd^ns  ol  ice  .ire  not 
iticoly  to  bo  spherical,  but  this  is  incidental,  and  is  j  w.jy  of 
saying  that  o  in  the  Glbbs'  equation  vanes  with  the  crystaUo- 
qraphlc  orientation  of  the  surface  exposed.    The  point  is  that 
if  the  jr.froze:.  fllin  that  separates  the  ice  p.nase  from  the 
mineral  particle  does  not  transmit  shtsaimg  stresses  to  the 
ice,  there  arc  sufficient  dtwrees      freedom  In  film  pressure, 
pore  water  pressure,  Interfaclal  curvature  .=ind  surface  energy 
lo  permit  the  ice  to  be  free  of  Internal  shearing  sin  ssfs.  1 
regard  Talcagi's  statement  that  "ice  in  soil  is  under  Intergran- 
ular  stress,  and  never  under  pressure"  to  bo  unprovon  and 
probably  uicorrect  so  locvg  as  an  unfrosen  film  persists 
between  lee  and  the  netgbboring  aoll  perttetoa. 
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D.  II.  rVERETT— Tak.i'ji  cliims  that  the  problems  of  water  In 
soili  "cinnot  bo  oxpljirn  d  without  dn  extension  of  the  classi- 
cal concept  of  thermi>dyn jn;c5 .   This  Is  riom;  thr:.>uqh  the  uSC 
of  fuQtScity .  ,  . "   Hjvlng  dcEiriod  fugjclty  In  torms  cf  Gibljs' 
free  fnerqy  per  unit  mass,  or  the  chemical  potential,  and 
having  given  the  lolation  Oetweer.  fuqaclty  and  vap'Or  pressure, 
the  author  saya:     TU--  j.^e  of  fjgacity  has  an  advantage  over 
the  use  of  the  Gibtia"         energy,  or  the  chemical  potential. 
In  th»!  theory  of  freezing -fitjl:-.t  deti.Tnnr.atlon  devclop-jd  below." 
In  fact,  this,  of  course,  yiv.-s  r.o  tn-i-pet  Insight  uUo  the 
problem,  but  only  changer,  i.'ii-  r-.nmer.cl.Hiuii- . 

In  the  first  part,  the  author  gives  j  clinr  <^X[o?i!tlon  of 
well  k.-.ow:i  principles  and  then  dlscussi-.-;  -hi'  viuy  rlitflcult 
problem  of  the  nature  c!  "adsorbed"  wdirr  near  the  surface  of 
a  soiid.    His  conclusions  rcg  irdlr.g  the  lugacity  nenr  ci  surface 
are  open  to  discussion,  but  w.nat  is  raore  important  is  that,  in 
dlscussL-.g  the  equilibrium  betweer.  adsorbed  water  and  ice 
crystals,  (presumably  in  adjacent  elements  of  volume),  the 
author  makes  the  fissumption  not  only  that  the  Ice  formed  is 
Ihe  same  as  normcil  Ice,  but  that  It  la  unaffected  by  the 
adsorption  field.  To  atlcnpt  to  dlscns.%  .1  phase  eL)uilib.-ium 
In  which  or.c  phase  Is  af!octod  by  the  adsorption  hold,  <jrid 
the  other  is  not,  soetr.s  to  bo  qjite  .:r,:u  s!  If  led . 

Tik.^'ji  re  -.ll/.es  that  prriLlenia  aiise  If  It  Is  neresaary  to 
c  M  . .  I'T  the  Iri.'i'  er^eryy  oi  the  intt'rla:.:t?  ijtftween  Ice  and 
water,    (His  discussion  o!  iho  phase  dl.'.gra.-r.  Iw  Iruejting  of 
a  water  droplet  Is,  Incidentally,  dealt  with,  loyethiu  with  a 
range  of  stmllrn  protilems,  by  Defay  and  Prigoglne,  Tension 
8uperfii;lelli-  et  Adsorpiin:-. ,  Uc'iiif.!,  l.Kjgc,  1951.)  He  con- 
cludes that:   "it  sooms  likely  that  the  stable  freezing  temper- 
ature determined  with  the  Inclusion  of  surface  energy  and 
dislocation  will  be  lower  than  the  stable  freezing  temperature 
determined  by  the  use  of  only  body  energy.  This  assumption, 
if  true^ . . . .'  He  gives  no  rigarous  discussion  ol  this  problem. 

It  seems  to  me  that  the  problems  of  frtuing  equilibria  are, 
in  principle,  now  solved  (or  ihOM  cues  in  which  the  solid 
phase  is  small,  the  llquld-vspor  laMtfece  is  curved  (Delay 
and  Prigoglne),  or  Icc-lunslng  occurs.  What  Is  not  solved  Is 
the  problem  of  phase  equilibria  when  both  phases  are  c;i:- 
Sidcrud  In  an  adsorption  field  near  another  solid  surface.  This 
problem  is  relevant,  (or  example,  to  the  question  of  whether 
there  is  a  liquid  film  between  an  ice-lens  and  a  soil  particle: 
Its  solution  may  well  require  a  much  more  detailed  MUllytIa  Ot 
the  thermodynamics  and  hydrodynamics  of  heteroganmus 
layers  (e.g.,  following  the  work  o(  Bud  or  of  Cahn  and 
HlllUrd) .  The  present  paper  does  not,  1  think,  do  mors  than 
reosfiltulate  already  kii  vwn  ideas  and  discuss  the  physically 
wwtal  tltuatioii  In  which  only  tha  Uqutd  pbas*  Is  Mibjoctod 
to  Hm  wlaorption  poMnltal. 


P.  F.  low— Tkera  an  two  ■ignlfieant  onora  In  tUa  papv.  Tha 
firat  If  that  tha  fuQaelty  for  a  ooiapaiiant  la  «  Blxbira  la 
daftoad  in  toona  of  tlM  partial  awlar  tea  aiMrgy>  9)  and  not 
In  lamt  of  dia  ehamleal  potnUal,       Ibu  fact  la  obown  by 
raftering  lo  pa«e  209  "*  TlmillTflmmllTI  **"         •"d  Randall. 
On  tha  aaaa  pog*  4h  vtatanant  ta  aiada>  *a  ayataa  la  in 
aquUllrltiai  «ilMn<  and  only  whan,  Iba  fuoaelty  of  ovary  sub- 
fltanoa  la  eoaalaat  thiaoflhoot. . .  .*  Thantoa.  tba  autbar  ia 
In  anrar  wtMii  ba  alatoa  that  tha  fuvaelty  of  tba  adaoriiod  walor 
varlaa  %Mtfi  dlaianoo  from  tba  aolld  aurfooa  at  aqolUbrbm. 

Gibba  daf  biad  iha  ctaonlcal  pourattol  to  dlacuaatng  ayaiaaia. 
"unlnfliMnoad  by  gravity,  alaolrlelty,  dlftortlon  of  Iba  aolld 
oMaaaa,  or  oapUlwy  tanatona.'  to  wack  ayatan  |i  was  iboMB 
to  ba  tba  aaaa  in  all  pihaaaa  at  a^HlUbrteai.  Hit  t*an  ba  dla- 
euaaed  ayatams  infiuencad  by  gravity,  tba  ana  |i  *  gb  ma 
Aown  to  ba  tba  quantity  that  viaa  cooatant  throughent  iba 
sysiaa  at  a^lllbnui.  Botiawsr,  tba  quantity  r  includes  any 
gravitational  aflftota  or  affaeta  of  alaoirlcity ,  surf  ocas,  ato. . 
(pp.  242-251  in  iMrta  and  llaadall). 


r  ■  |»  +  e 

whan  •  la  tba  aulor  polaiitUl  anatgy  In  a  forca  field.  Tha 
laat  aquation  was  dlacussad  by  low  (Soil  «cl.  71:  409-4 18 , 
1951).  Tbua,  ft  am  change  with  poaltlon  la  «  forca  field  and 


may  not  be  constant  throughout  a  systerr.  at  equilibrium.  Th<! 
quantity  r  does  not  change  with  position jit  uquihUtt uin .  And, 
aa  noted,  iugacliy  is  defin<'d  in  i'  r  r '.    I  r  and  not  ^  . 

The  second  point  is  that,  contrary  ;    .ho  statement  made  by 
the  author  tn  Appendix  1,    ji  docs  not  ncce s sarlly  determine 
the  freezing  point.    F^r  example,  adding  sal;  to  a  system  will 
lower  both  F   of  the  water  umi  its  Iteezlng  point.  But  applying 
pressure  to  the  system  will  have  dlllcrent  eifects  nn  the  two 
quontltios:  The  Incroasod  pressure  will  increaae  T  ,  whereas. 
It  win  lower  the  freezing  point.  The  familiar  equation  relating 
the  relative  partial  molar  free  energy  to  the  baaalng  point  la 
valid  only  11  the  pressure  is  held  constant. 


CLCiSURE  — Sesslo-     r!l .fcuaslons  have  stimulated  the  author 
to  explore  the  Implications  of  the  theory  of  an  earlier  paper  1] 
and  the  preser.t  papx^r. 

Fugaclty  was  introduced  by  Lewis  and  liandall  I  2]  .  Miller 
follows  their  teinilnulogy .    However,  the  fugaclty  used  In  the 
earlier  [  1]  and  also  in  the  present  paper  is  dlfferet^t  from  the 
fugaclty  of  Lewis  and  Randall,  when  the  field  of  external  ion-ji 
Is  considered.   Tugaclty  In  this  paper  is  called  pseudolugacity 
to  avoid  confusion. 

Lewis  and  Randall  define  fugaclty  [2,  p.  1S4]  to  be  equal  to 
vapor  pressure  when  the  vapor  Is  an  Ideal  gas  or  a  component 
of  a  mixture  of  ideal  gases.   This  definition,  however,  is  not 
observed  in  the  case  of  ■  gi  i  .national  field  [2,  p.  492], 
Thay  daflna  fugaclty,  1  ,  to  be  constant  throughout  the  flald, 
whlcdi  stay  ba  axpnaoad  by 
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whsraaa  tarn  vapor  pressure  (|4  of  an  ideal  gas  or  of  ocia  of 
tha  ooaiponanta  ol  a  sulxtura  of  idoal  gaaea,  changaa  to  a 
gravitational  f  told  with  attttuda  (b) 
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to  wbieli  p    ta  dw  vapor  praaaura  of  Iha  oompcment  on  tha 
plana  whara  h  »  0  ,  R  U  tha  gaa  oonataat,  T  to  tha  abao- 
toto  taaiparatam  ,  M  li  dia  noteeutar  wolght  of  tha  eoia- 
ponant,  oad  g  la  tba  aeealaration  dua  to  gravity. 

Conparlson  of  {A.D  and  (A. 2)  shows  that  the  fugaclty  (0 
of  fta  (aftoltaalnal  portion  aituatad  at  altitude  (h)  to  aqual  to 
Pg  bat  not  10  p  ,  tha  vapor  praaaura  of  iba  taftoltoalnal 
portion  oonaldarada 

Iha  raaoon  for  thalr  oontndtotory  daf toltloo  to  probably 
that,  alaoe  Hia  ayatom  to  to  aquillbrluB  undar  tha  Infhianoa 
of  gravitation,  no  port  of  tha  ayataai  baa  any  tondan^  to 
aaeapa;  dMrafon,  fugaclty  (aacaptog  tandaaey)  nuat  ba 
daftoad  10  ba  a«ial  throughout  tba  ayataai,  nigadty  ttaua 
daftoad  la  not  a  atoto  function  ooioapt  for  iba  point  wlian 
h  ■  0  ,  baoBHio  fugaolty  tbua  daftoad  oontolaa  tha  tooatton 
of  tba  toftolttaunal  portion  oonaidand.  Fugaelty  to  tiaaful 
to  aignlfy  aquitlbrtoai  with  tagiid  to  awtloo.  but  It  to  I 
wnlaat  to  oanaldar  tbaraodynaaile  praparttoa,  wtiicb  1 
contain  dia  tooatton  of  tba  inftoitoatoMl  portion  undar 
oonatderatton  as  an  axpUctt  varlabto. 

Tba  original  daftoltlon,  howovor,  nay  ba  obiarvad  avan  to 
a  gmvitoUonal  ftold.  vnton  Iha  vapor  ia  ona  of  tha  oonpo- 
nanta  of  a  aitotora  of  Idoal  gaaas,  paaudofugaolty  (f*)  to 
daftoad  to  ba  aqual  to  vapor  pnaaura  awan  to  a  gravitational 
ftold,  or,  aora  gaoarleally  avan  In  a  ftold  of  aKtamal  foroo. 
When,  nora  ganeraUy,  tha  vapor,  or  any  ana  ol  Iha  eooMPO- 
nanla,  ta  not  on  Meal  gae,  paaudofugaclty  K')  U  daftoad  by 


U.3> 


where  (i  Is  the  ehamleal  potontial  of  tha  atoto  under  oonatd- 

eratlon,  is  the  cheoiloal  pOMnttol  of- the  SUM  of  Whleh 
the  vapor  pressure  (pa)  to  00  aaall  and  any  components  that 
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are  not  ld*al«aw«  we  so  attenuated  that  the  vaseous  phase 
may  be  assumed  as  a  mixture  o<  Ideal  gases.  The  slate  tor 

is  not  definite,  but  ^  defined  by  (A.3)  Is  deflnlle. 
Choice  of  pseudolugaolty  aaeaa  to  be  the  only  course  for 
extending  clessleal  BieHimdynaWlCS  to  cover  thermodynamics 
of  adsortied  water,  or,  more  generically,  thermodynamics  of 
a  heterogeneous  system,  as  explained  in  the  following. 

Iha  BoUve  for  separatlitg  fi  from  gh  [see  (6)  whare 
^■•fh  for  a  gravitational  field]  la  that,  since  the  locatim 
In  a  flravltatlonal  field  haa  aolhlag  ts  do  with  chamleal  prap- 
orliaB,  |i «  tha  quantity  raepoaaiMB  far  dmaiieal  imiarUaB , 
■bouU  ba  aaparatad  bom  Mm  aflact  at  location,  that  la  gh  , 
for  eonvanianoe  of  oonaldarliig  proporttea  Inirtnalo  lo  aiatter> 
Hoisavar.  tha  aapaiation  la  dlffleult  for  aoaa  (oceaa  [9> 
p.  332].  auoh  aa  olaelrlc  ioroaa  originating  fion  ■otaeutea  of 
tho  ayataiB  tmdar  eanaldaraUoia.  Sneh  ftareaa  tn  aeaotktlaUy 
Inoofparatad  in  ^poctlaa  liilrlnalo  to  natlar. 

Even  for  caaaa  wtoara  ft  cannot  ba  aaparaied  froai  dw 
potential  of  tha  field  In  wblcb  tha  Mtarlal  undor  ogoaldantlon 
U  sltuated«  paeudofugaelty  may  be  defbiad,  if  tta  isaanire  of 
4io  vapor  in  •wlUbrlun  wldt  •  aull  part  of  tha  ayataii  (lo 
aaMlt  tkut  tha  field  force  My  ba  aaaoaad  to  ba  eonataai  In 
thla  pari}  oan  ba  defined  ollhar  by  an  actual  naaaoraaMnt,  by 
a  amtlatlcal  calculatton,  or  by  an  anpariaant  (n  ttwu^t. 
PoaocWugaelty  Ibua  dafbiod  la  a  otMa  finetlon  of  ilw  Inf  bil- 
teahnal  pertton  la  liw  ayalen— eondanaad  or  gaseous,  hetero- 
goaaoua  or  hoaoganeoua— oven  for  tha  oaaa  wbore  n  caoaot 
ba  aaparatad  ton  p.  If  iweeaanetflndanyeparatlenat 
dafleition  of  the  vapor  pressure,  the  una  of  paettdofugaetty 
mat  ba  given  up  for  it  may  not  be  a  phyaieel  qoaiitlty. 

It  la  pointed  out  that  no  proof  haa  ever  baan  ahaan  oC  ika 
•Klatanoa  of  the  adaorptlgn  potential  0  InM.  BaoaoiaaC 
thla  naadh  and  aaadMrdtatteUoiM,  uae  of  (O  laaMOidadbi 
tha  taxtj  inalaad,  Ifaa  ptayalcal  auianlng  of  paaudofugactty  la 
uaad.  To  raeegnlaa  dUa,  the  derivation  of  (6)  la  axamlnad. 
For  almpllclty,  a  ane-oompcnant  system  will  ba  oonsiderad  In 
whldt  temperature  (T)  Is  constant  but  pressure  (P)  la  variable 
with  location.  The  change  of  ||  with  the  chaoge  of  location 
r  for  this  system  is  calculated 

^  »  ^dP 

"  Zdr  •  gred  f 
P 

odr-r  (A. 4) 

whara  p  is  Uia  danslty,  a  dot  naana  aoalar  aMttlpUcatlon, 
and  uaa  la  made  of  the  elation  of  aqulUbriuB  of  force 

F-rgradP'O  <A.S) 
P 

If  P  haa  a  aeatar  potential,  that  la.  If 

F  "  -  «rad0  U>Q 

(A .  4)  changes  to 

t  d^  »  0  (A. 7) 

which  le  (6) . 

It  13  kjiowri  that  so:iiu  iorc«j  du  not  hovo  ar.y  scalar  poten* 
tlal.   For  lnstar.c;e,  a  rrijgncti;  (orco  cor.currcnt  with  an 
electric  current  has  a  vector  potential.  A,  defined  by 

r  =  rot  A 

but  dues  not  hjvi^  a  scalar  potential.    For  such  forces,  (A. 4) 
cannot  be  ruduccd  to  (A.7)  .   We  must  be  prepared  for  a  situa- 
tion in  which  a  forco  that  does  r.ot  have  a  scalar  potential 
rtpfx^ar';  In  !ho  statistical  treatmei-.t  of  a  complicated  System 
ol  ddi-'jr.xj d  water,  or,  more  genetically.  In  COnaldarlaQ 
thertTiOdynQXlcs  of  a  heterogeneous  system. 

It  should  turttier  \n-  cor-.sldfrod  that  adsorbod  water  around 
soil  particles  Is  to  some  extont  In  tiie  state  of  a  solid. 
Acootdlng  to  the  theory  of  surface  tension,  water  in  the  alr- 
vmier  boundary  has  different  prlaolpal  atrassas  in  diitareni 


directions  to  caasc  the  effect  of  iurfaea  lanalon.  (To  the 
author's  knowledge,  [4]  Is  the  best  summary  on  this  subject. 
Miller's  comment  on  this  point  Is  anstvered  In  tha  author's 
closurB  of  another  paper) .  In  other  words ,  the  walar  at  tha 
air-water  boundary  is  an  extraordinary  water  that  doaa  not 
obey  faaeal'a  grinolpla  poaittlatad  In  hydcoatatics.  Thii 
extraordinary  atala  ta  raaohad  by  onlaoilar  Ibree  distortloo 
that  laada  to  oriented  airaogaownt  of  walar  molaeulas  tai  the 
boundary  layar.  Bainnio  tha  aania  sort  of  phanomanon  takaa 
place  even  vdian  air  may  be  roplaoad  by  aolld.  It  may  be  poa> 
lulatad  that  tha  adaorbad  water  around  aoll  partlelaa  la  an 
eKbaardlnary  walar  Oiat  doaa  not  obey  Paaeal'a  prbielpla. 
Than,  FV-Hiamiodynamlca  doaa  net  apply,  and  lha  iiacading 
darlvatlen  of  (A. 7)  doaa  not  have  any  awanlng. 

In  tha  eaaa  of  ndaoibad  water  around  aoll  particles.  It  Is 
difficult  to  find  an  oparatlooal  daffailtlan  of  lha  preaaura  of 
the  vapor  hypothatlcally  failroduoad  ta  tha  layar.  If  water 
vapor  ia  introduced  In  ttte  ayatam,  the  water  molaeulaa 
exposed  to  the  vapor  will  rotate  to  have  an  orlantod  airaaga- 
aMHit.  Tha  auttwr  doaa  not  know  whether  tha  praCaroatlal 
orientation  tfaua  uduoad  on  tha  water  nolaoulaa  oauiea  a 
changaef  lha  etaaaloalpotentlala.  lha  water  moleculea  out- 
alde  tha  gaa-tlquld  bitaifaca,  howavar,  do  not  route  and  their 
dienioal  poiantlalt  are  equal  to  die  ebamloal  potential  of  the 
water  vapor  hypoUiatlcally  tatraduoad.  if  the  watar  moloeHlaa 
outside  the  intsriace  may  be  used  far  datarmlnlag  the  peaudo- 
ftigaeity,  or  If  Ifaa  piafhiantlal  orloniailon  of  watar  molaeulaa 
doaa  not  efaaaga  the  chemical  potantlala,  Iba  pieudoAigaetty 
of  the  small  part  under  conaldwatton  la  defined  without  diffi- 
culty. If  aona  of  them  can  ba  uaad,  Oia  author  hopea  that  a 
aopblatleeted  cparatlon  will  daHna  tta  praaaure  of  tha  vapor 
hypMtaetleally  Jntvoduaed  in  the  sysiaai.  lha  thaery  davalopad 
for  dw  adaoibad  watar  in  the  paper  under  dlacuaalon  ia  baaed 
on  d>a  aaauaptlon  that  paeudotugacity  can  be  defined  even  In 
the  adaorbad  water,  or,  more  generically,  even  for  a  hetero- 
geneous system . 

It  Is  known  that  the  pressure  of  the  vapor  in  equilibrium 
with  a  stressed  heterogeneous  phase  changes  wlien  the  inter- 
face is  rotated  (Yosblds  [S]).  Chances  are  that  paaudo- 
tugaclty  in  a  stressed  heterogeneous  system.  If  defined,  will 
be  expressed,  not  as  a  scalar,  but  as  a  tensor. 

Pseudofugaclty,  if  defined.  Is  a  thermodynamic  property  of 
the  system  considered— heterogeneous  or  homogeneous,  liquid 
or  sohd.    II  the  pseudofugai.'lty  c(  a  Uqult;    ir       .-Ud  br  '.z; - 
mulfltod  ir,  terms  ol  Intrinsic  [iiroFcrtics  ot  im:  li.;uid  cr  the 
sol.d,  ollmtnatlng  all  the  q-jantitics  related  to  vapor,  all  the 
thermodynamic  properties  of  the  liquid  or  the  solid  will  be 
known.   Such  a  complete  use  of  pseudofugaclty  fcr  the 
adsorbed  water  Is  impossible  at  present  because  of  Us  com- 
tl:"".t'"d  tiature:  nevertheless,  some  Infor.T.atlori  Is  obtained 
by  -lie  of  the  numerical  equality  of  the  p-seurk>fugat;iiy  with 
the  vafKor  pressure  regarded  as  an  Ideal  gas. 

"It  Is  known  tliat  Uie  L'lSiif.er  the  ad'iTjrlx^d  layt^r  the  smaller 
the  pre.s  -.ui      :  w  1'.  :  vajjor  that  Is  in  th'.-itn:>dynairii;:  e^jllij- 
rlum  with  the  iiLjuid  water  at  the  surface  of  the  adsorbed  layer. 
It  may  be  assumed,  on  this  aaf.l;.,  that  tlic  (pseudo-)  fugacity 
decreases  fr;:f:i  t-Se  u.jtf.lde  of  the  ari.'i;:iLx>d  layers  inward 
trjward  the  solid  surfaces"  is  t;utjted  !r:>m  fhi-  (•.r'"ji>nt  paper. 
The  logic  adapted  here  is  not  wl!h:>ut  (law,  bjt  the  same  logic 
is  always  used  tor  the  utudy  ol  the  change  of  o  property  Ir.sldc 
the  adsorbcid  water.    Note  thot  (6)  is  not  used  here,  a.nd  also 
that,  even  tho-jcjh  the  water  under  consideration  rr.jy  bo  the 
extraordinary  water,  this  rvasonlng  ia  stiU  valid  because  of 
thi;  numerical  aguallty  of  Iba  peaudoAigaetty  with  tha  vapor 

pressure , 

Two  dllforer.t  concepts  arc  traditionally  eff.ployed  to  explain 
the  freezing-point  depression  of  soli  water.    One  is  the  con- 
cept developed  in  chemistry  f^r  freezing-point  depression  of 
aqueo'JS  solutions;  another  is  the  use  of  the  solidification  line 
in  Lhe  phase  diagram  (line  OC  of  Fig.  2  In  the  text). 

Use  of  the  latter  concept  has  led  several  researchers,  such 
as  Wmterkorn  ^  6],  Ediefsen  and  Anderson  [7],  and  Babcock 
and  Oversueet  [8,  9j,  to  the  erroneous  conclusion  thot  tho 
water  Inside  a  capillary,  where  tho  pressure  Is  below  atmos- 
pheric, must  have  e  rise  of  freezing -point  instead  of  a  drop, 
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It  le»  teparatet  at  ataecphwle  prasaun,  Tlw  i 
also  aKpwtMd  by  Low  whm  ha  staiad  dnrim  Hi 
as  a  panal  ■lanfaar  of  Saaahm  4,  ibat  prasann  effect  and  solu- 
tion affact  aaiat  be  traatad  sepanlely  booausa  thay  ara  oppo- 
site In  dtoeettan  tn  the  change  of  the  iMaslno  point  of  the 
aysleai. 

Vb»  fraasing-pelnt  daptasslon  of  soil  water  should  be  oon- 
sldand  as  a  transfer  of  the  triple  point  tTakagl  [1];  Dufixv 
and  Defay  [10,  chop.  X}).  This  ooooept  gaMles  the  dualism 
In  the  theory  of  beeslng-polnt  depression. 

The  line  PR  bi  Fig.  3  In  the  text,  which  is  called  *loottS  of 
eooUng  pfooess*  to  avoid  sbseraet  concepts,  rapresents  a 
tOOHS  Oawhfehll  "u.,  ond  Che  line  OB  in  the  same  figure 
rapraaanta  a  toeua  onwtalch My  ^  M, •  where  n  .  n  ,  and |i. 
are  clienlcal  potentlala  of  water  vapor.  llquid^MdtSr ,  and  loe, 
respectively.  The  Intersection  of  PR  and  OB  determines  the 
tpeeslng  potait«  the  triple  point  for  this  water .  It  thus  becomes 
clear  that  both  the  aqueous  solution  and  the  water  In  a  capil- 
lary have  a  lowering  of  freezing  point. 

The  physical  meaning  of  the  foregoing  derivation  may  b« 
explained  as  follows:  The  w^ter  as  a  component  of  aqueous 
solution  and  the  water  in  a  capillary  aro  in  the  same  thormo- 
dynamic  state  when  ibayhave  an  <^q.::>l  chemical  potential. 
From  the  thermodynamic  standpoint,  thoy  arc  both  equal  toe 
liquid  water  thjt  has  the  same  pseudofugaclty  as  t>oth  of  Ihaai. 
Freezl.-.g  points  of  both  of  them  are  therfore  equal. 

Fro.n  the  theoretical  standpoint.  It  has  been  unfortunate 
that  the  phase  diagram  of  water  wai  drawn  with  P  and  T  a* 
axes .   II  chemical  i  "t-ni;..!  i;..  .tdnptt-d  InsteoJ      P  .la  'jnv  of 
the  axes,  a  dei'fjci  irij'.ghl  '.-.to  Ir.c  nature  oi  watui  la  tro- 
vlded.    Further,  If  instc-ad  of  -.-itxicK  r'^"'"ntial,  pseudo- 
fuc;acity  is  chosen,  th'j  pn^sc  di.ngra.T,  is  more  useful.    It  nay 
DC  used  'jv.jii  i;i  jn  -jxtriordl.'-.ir'/  water  that  does  n^t  ciiay 
Pascal's     i(u: ji-lt;  wl  da  :;  -it  yui  'k:  ow  how  to  define  i;iit--r.Ucal 
pcjtentlal  for  thl-s  water  bjt  W'-  ■ -.-  ri.  iir:,.  .;i.';<,'udofugaclty ,  l( 
an  appropriate  Of!erati<inal  dcUnitior.  U  found.   It  may  also  be 

used  ir>  derive  (3)  in  the  present  paper,  a  foranila  for  riia  large 

Ireozlnq -(:>olnt  depression. 

A  water  drop,  which  has  a  higher  vapor  pressure  than  the 
saturated  pressure,  has  line  MN  In  Fig.  2  In  the  text  as  a 
locu-i  on  which  ji,      jl,  ,  that  Is,  as  a  "locus  of  cc-olinq 
proce.ss."   The  (riH^zjng-poir.t  depret s ion  of  the  water  at  the 
surlacc  of  a  water  drop  may  be  dctcr.r. im  d  1;/  use  of  locus  MN 
In  the  same  woy  as  done  by  use  of  locus  PR  by  TakagI  [1], 
which  yields 


^o-»-if 

Iw 


Is  the  latent  heat  of  freezing  a  unit  mass  ol  wr^.i.  r  .it 
T„K  ,  Vj  IS  the  specific  volume  of  tee  at  T^jK  ,  is  the 

specific  volume  of  water  at  T^K  ,  ■■•^  is  the  specific  volume 
of  water  vapor  at  T„K  ,  a,^„,  Is  the  surface  tension  of  liquid 
wattT  aqa.nst  w.^tor  v.ipor  at  T^K  ,  and  r   Is  the  radius  of 

wa-.cr  dri^..  Duo  to  t.-.e  .::xu.tence  of  v^  In  the  denominator, 
T,,  -  T  i:.  ill  t!,  -A  w>-  m.iy  assume  that  the  walar  at  lha 
■.iir;.iri-  r;!  .1  w  iter  drop  freezes  at  TgK  . 

It  iL^  .  j-.cd  in  this  connection  that  the  ao^sallad Glbba- 

Thomson  equation 


T  = 


V.T 
_     I  o 


he 


wl 
r 


(A.9) 


where  la  the  surface  tension  botwtMjn  ic<-  md  1;  jjld 

water  at  teniperatuie  T^K  ,  shows  the  temperature  (TKJ  of  a 


spbsrteal  lea  parUola  In  agullUMan  wWi  a«iUl  emtsr.  (Saa 
Oamar  [11]  for  the  umlaology,  Skapsky  [12]  for  an  appll- 
eatlon,  and  Kolalan  and  ham  [131  for  lha  derivation.)  It  u 
ditferant  fron  which  shews  the  fraeslng  lemperatuia  of 

Mia  euteiswst  surlacM  of  a  water  drop  In  equlUhrkini  with  water 
vapor. 

The  traatmaais  used  la  tha  paper  imdar  dtacusalon  and  (1] 
lor  daduetng  the  baea  big -point  depresalon  eta  baaed  on  the 
assumption  Chat  lha  lea  fomad  fron  any  form  of  watar  is  tha 
saaw  as  nomal  loe.  bi  other  words.  OB  and  OC  in  Fig.  2  In 
tha  text  ara  assumed  to  remain  at  the  aane  position  for  all 
cases  of  baealng  liquid  watar.  If  Ibis  assinnptlon  eamiot  ba 
maintained,  Aa  graphical  nwthod  inlnducad  In  the  paper 
under  dtacssalan  la  not  eonwenlent;  instead,  tha  analytloal 
method  must  be  used ,  as  partly  dona  by  Dufour  and  Dalhy  [10] 
for  InelusloA  of  a„^. 

It  is  tta  author's  hope  that  afaeUauoa  of  lha  ImpUeatlcos 
of  tha  diaory  will  instlgala  dlaeusslona  with  lagard  lo  amdi- 
odology  fbr  understanding  the  nature  of  edaorlied  wrater  around 
soil  partlclea,  or,  more  generlcally,  for  the  thermodynamics 
of  a  heterogeneoua  system.  He  also  hopes  that  his  effort  to 
explain  the  theory  of  freer  Ing -point  dciitfssion  using  only 
physical  concepts  without  going  into  austract  concepts  of  the 
thermodynamic  theory  may  not  he  lost.  The  explanation  la  not 
only  simple  but  also  considers  the  heterogeneous  nature  of 
adsorbed  watar  for  nrhlch  claaalMl  thermodynamics  Is  not 
directly  applicable . 
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SUCTION  AND  ITS  EFFECTS  IN  UNFROZEN  WATER  OF  FROZEN  SOILS 


p.  I.  WILLIAMS,  Norwegian  Geotochnlcal  Institute,  Oslo 


Substantial  quantities  of  water  remain  unfrozen  In  soils  at 
temperatures  of  sovorol  degrees  below  0°C  [1,  2,  3].  The 
proportion  of  unfrozen  water  decreases  as  the  temperature  is 
lowered,  but  as  much  as  hall  of  the  water  may  exist  unfrozen 
at  -l°C.  This  unfrozen  water  has  been  attributed  [4]  to  the 
suctions  or  negative  pore  pressures  that  develop  as  a  result 
of  Ice-lens  growth  in  the  soil.  A  negative  pore  pressure  in  a 
saturated  soil,  in  the  absence  of  external  loading,  results  in 
a  positive  effective  stress  (a  stress  acting  across  the  grain - 
to-graU)  contacts)  equal  to  the  negative  pore  pressure.  An 
increase  in  effective  stress  causes  consolidation  In 
compressible  soils. 

It  Is  therefore  of  interest  to  Investigate  the  consolidation 
that  should  occur  in  a  frozen  soil  as  a  result  of  negative  pore 
pressures  In  the  unfrozen  port  of  the  moisture  content.  Such 
consolidation  would  also  confirm  the  existence  and,  to  some 
extent,  the  magnitude  of  the  negative  pore  pressures— and  their 
relationship  to  temperature. 


FREEZING  EXPERIMENTS 

Direct  Investigation  of  these  effects  is  difficult  because  of  the 
irregularly  distributed  ice-lenses  In  a  frozen  soil  which,  on 
the  one  hand,  greatly  reduce  permeability,  and  on  the  other 
hand,  increase  the  over -all  soil  volume.   It  is  necessary  to 
devise  an  experiment  in  which  lens  formation  is  prevented  In 
A  part  of  the  soil  large  enough  for  subsequent  study  of  degree 
of  consolidation  and  water  content. 

Perspex  rings  2.2  cm  ID  and  0.4  cm  In  height  were  made. 
A  ring  was  filled  with  a  soil  sample  prepared  flush  to  the  sur- 
face. Pieces  of  a  membrane,  previously  soaked  In  water, 
were  then  placed  ocross  the  faces  of  the  ring  and  soil  sample 
and  pressed  tightly  against  the  perspex  with  a  clamp  arrange- 
ment  (Fig.  1) .  A  thin  smear  of  petroleum  jelly  was  usually 
placed  on  the  perspex  ring  where  it  came  in  contact  with  the 
membrane.  Two  further  pieces  of  the  same,  or  sometimes 
different,  soil  wore  then  pressed  against  the  exposed  sides 
of  the  membranes , 

This  assembly  was  slowly  cooled  to  a  chosen  negative 
temperature.  Freezing  (with  ice-lens  formation)  occurs  In 
the  exposed  soli,  but  not  in  that  between  the  membranes 
because  of  the  absence  of  an  Ice  nucleus.  Spontaneous 
nucleation  does  not  occur— initially  because  the  sample  is 
small  and  subsequently  for  reasons  which  will  become 
apparent — and  Ice  growth  cannot  occur  through  the  membrane . 
The  membrane  is  of  the  water -permeable  type  used  in  pressure 
membrane  tests  [S].  The  membrane  pores  are  so  small  that 
Ice  growth  only  occurs  within  them  at  temperatures  of  at  least 
several  degrees  below  0°C  . 

A  modified  domestic -type  refrigerator  was  used.  A  mercury 
contact  thermometer  switch  with  a  relay  system  maintained  a 
fairly  constant  temperature.  To  avoid  desiccation  and  to 
ensure  uniform  temperature,  the  sample  assemblies  were 
placed  In  closed  jars  together  with  pieces  ol  ice  to  start 
nucleation  in  the  exposed  soil.  The  specimens  were  generally 
maintained  at  the  chosen  temperature  for  throe  days.  Tests 
with  thermocouples  Indicated  that  the  sample  attained  the 
chosen  temperature  from  S  to  10  hours  after  refrigeration. 

After  refrigeration,  the  assembly  was  dismantled;  the  water 
content  and  volume  of  the  inner  soil  layer  (located  between 
the  membranes)  were  determined.  A  specially  constructed 
glass  pycnomctcr  (Fig.  2)  containing  paraffin  was  used  to 
determine  the  volume.  To  obtain  sufficient  accuracy,  con- 
siderable attention  to  temperature  and  other  effects  was 
necessary. 

Many  further  tests  Involving  determination  of  water  content 
only  were  done  over  a  range  of  0°  to  -3.3''C.  In  all  cases  the 
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rig.  1.  Sample  assembly  (or  freezing  experiments 
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Fig.  2.  Pycnometer  used  (or  dry  density  determinations 


water  content  of  the  Inner  layer  was  substantially  less  than 
the  initial  water  content.  Preliminary  tests  showed  that  the 
water  content  of  the  inner  layers  became  practically  constant 
within  three  days .   In  one  test  similar  soil  samples  placed  in 
different  parts  of  the  refrigerator  might  give  results  differing 
by  1  to  2%  of  dry  weight.  This  was  largely  due  to  slight  tem- 
perature difforoncos.  Samples  of  the  same  soil  In  one  bottle 
consistently  showed  similar  water  contents  for  the  inner  layer 
within  0.1  to  0.2*  dry  weight.  When  one  sample  was  removed 
and  the  temperature  then  lowered  for  a  further  period,  samples 
removed  later  shovrad  lower  water  content.  In  all  cases 
moisture  content  (ice  and  water)  of  the  outer  soil  layers 
(Fig.  1)  was  increased. 

VOLUME  MEASUREMENTS 

Results  of  investigations  on  Leda  clay  KNB  are  shown  in  Fig.  3. 
From  volume  determinations,  dry  density  (weight  dry  material 
per  unit  volume  of  soil  in  moist  condition  In  grams  per  cubic 
centimeter)  was  calculated  and  plotted  (Fig.  3,  crosses)  as  a 
function  of  water  content.  Consolidation  of  samples  (rom  the 
inner  layer  of  the  membrane  assembly  occurred  during  freezlitg. 
This  is  clearly  shown  by  comparison  with  results  of  oedometcr 
tests  on  similar  material  (Fig.  3,  circles). 

If  the  material  is  saturated  there  is  a  unique  relationship 
between  dry  density,  water  content,  and  effective  stress,  for 
the  observations  shown  in  Fig.  3.  Specific  weight  of  the  soli 
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IMrUelaa  ma  fbund  to  be  2.78  9  par  cu  em,  and  fren  velu- 
metric  oom  Marat  ion,  dry  danalty  and  watar  contant  ralMlon- 
iblp  (or  the  saturated  state  was  calculated  (Fig,  3>  dMhad 
llna)  .  The  relationship  of  the  observed  points  to  thla  Una 
shows  that  the  soil  waa  saturaled  over  the  range  abami. 
Acoording  to  the  allaetlva  atreaa  equation 

9  ■  9  -  It  U) 

where  a  Is  effective  stress,   a  Is  total  stress  (a<|uala 
applied  load  In  oedometer) ,  and  ft  Is  pore  water  pressure, 

the  lortrl  .i[:[:hi-:i  In  tlK^  occJo.T.cfier  Is  equal  to  the  effective 
stress  (which  is  f  sponsiljli-  lar  consolidation)  after  equUib- 
riurr.  13  reached,  Uccaijs'.'  pore  w.i'.rr  f<ri'3sur<-  is  then  atmos- 
f-herli:  (i.e.  .  zero)  .   The  rcljlionship"  i>t'lw«on  dry  density 
(ijr.Ll  rr.oijtuic-  contorit)  jr.d  effective  stress  is  thus  given  by 
the-  cedGmc'.er  tests.   The  fiquro  for  effective  Stress  shown 
beside  each  pcint  '.n  Fig.  3,  obtalneit  Iniai  liaa  OadOOMtar 
tes-.s,  lUusLTutes  tJi.s  ro:atlor_shlp . 

The  maTjnItudc  of  effective  stresses  tc  which  sjrnp]'  l;  frnin 
'.he  imombrjrie  e.yperinc.'-it  have  btcr.  subjected  is  irid:r_i|i;d  by 
those  stresses  that  m  ocdometer  tests  froduced  3  Gimilar 
moisture  content  and  dry  density.    In  the  absence  of  external 
loading  (as  in  the  memijra.'ie  fieezlnq  exf-*rlnent) .  effective 
stress  is  <;tiu.-il.  but  ol  oppo.slte  sign,  to  pure  water  pressure. 
Positive  effective  stress  glvlr-.g  rUsu  to  consolidation  arises 
from,  and  is  nuoiGricaUy  equal  to,  negative  pore  pressure 
devaloped  by  beeslng. 

REUTIONSHIP  or  1SMPEMSUNB  TO  NEOATNE  PORE  FRESWRE 

As  the  teT.perjture  is  lowered  .j.-.d  moro  poro  water  is  trans- 
ferred ID  ice  rr.asses,  negative  pore  pressures  (and  hence  the 
effective  stress)  become  greater.    Negative  ^nr^rc  pressure  as 
a  function  of  temperature  cannot  Dc  dcterrr. ined  ircni  the 
few  observations  in  Tig.  3.    Hr.>wever,  if  waiter  content  of  the 
Inner  layer  from  th<?  ine.Tibrane  exp^eiimenl  was  known  as  a 
function  ol  t<-iri(.er.-.ture  with  .lufficlent  accuracy.  It  would  be 
p<ossible  t'j  corilimo  this  with  infcrm.ition  In  Fig.  3  to  obtain 
values  of  neg.itive  pore  pressure  ns  n  function  of  temperature. 
Water  content  cl  t.he  inner  (Ice -free)  l.iyer,  determined  in  many 
tests  is  showT-i  i-  Tig.  4  (;j[;in:;i  .ind  i  irnles)        a  function  of 
temperature,    in  q(*r.eri:il,  w.iter  rnntent  i;^.  less  for  lower  tem- 
peratures.   In  ..iddilin-.  i(,  the  :wi>  s.vIIm  ill.j.-;tr.jted ,  tests  were 
also  made  on  an  liiltlc  cloy  frrini  Msrun  ,  Norw.iy,  dnd  a 
bentonite  from  Wi.-,.-.ipoq  ,  Canad.j.    These  t<'StL.  -also  showed 
decreased  water  content  of  the  inner  layer  for  lower  tempera- 
ture.  From  information  in  Fig.  3,  it  should  se  possible  to  find 
negative  pore  pressure  (which  is  numerically  equal  to  the 
effective  stress  causing  consolidation)  corresponding  to  the 
different  water  contents  of  the  Inner  layer  (Fig.  4)  and  thus 


lo  lenparatura.  TMs  direct  prooedure,  wblle  giving  the 
approximate  awgnltude  of  the  pore  fceaawei.  la  nee  enttraly 
satisfMlwy.  Reaaena  fer  this  aw  Appannt  irom  earltar 
exparttMntal  work  [4]  whldi  can  be  uaad  to  abtaln  a  man 
accurate  appmiimatlan  of  the  taaiparatara^oatWa 
pore-preaaura  relatlonahlp . 

INTCRFRnATION  OF  OBSERVCD  WATER  CONTENTS  FROM 
CAIORIMnRK  8TUDIB8  OF  PROCBN  SOILS 

In  this  earlier  work,  calorinetric  methods  were  uaed  to  datar- 
mii>e  the  quantity  of  water  ranalnlng  unfrosen  at  varloua 
negative  temperatwea .  Reaulta  of  tble  type  can  be  enproaaad 

as 

wekiht  of  water  remaining  unfrozen  ^ 
dry  weight  of  soli 

and  then  shown  on  Fig.  4.  At  least  to  about  -1°C,  water  con- 
tent o(  the  inner  (ice -free)  layer  in  the  membrane  experiment 
is,  wlthm  limits  of  experimental  error,  equal  to  water  content  of 
"normally"  Im/.er.  s.kI  (in  which  ice  is  .-ilso  present).  During 
the  freezing  process  m  the  n-.embrjne  experi.Tier.t ,  water  Is 
transferred  frorri  the  inner  layer  to  the  outer  layers  (whi  ri'  ici 
Is  formed)  because  of  a  pressure  gradient  ;r.  the  water.  When 
water  content  of  the  Inner  layer  beccmes  co.nstanr,  th'"  v.-ater 
in  t>jth  inner  and  outer  layers  would  rie  expected  lo  ha vj  the 
same  negative  pre.'i.iare.    Thus  Uie  situaUon  of  the  Innci      :  1 1 
layer,  :ya;,ii<-d  by  meir.btanes ,  d«!S  not  differ  fundamentally 
from  ports  ol  the  rorx-illy  frozen  soli  In  which  Ice-lenses 
may  happen  to  be  absent.   The  inner  soil  layer  has  the  same 
(unfrozen)  water  content  under  the  same  negative  pressure. 

In  the  calonnctric  Investigations  it  was  also  found  that  the 
unfrozen  water  content  as  a  fuiK.t:cjn  of  temperature  has, 
because  of  hystete.^i.', ,  aiyn.ewlMt  d;l(<^rent  values  depending 
:jn  whether  the  soil  i.'>  in  process  of  freezing  or  ih.iwing 
(Fig.  4).   In  the  me.T.brane  experiment,  similar  srr.aU  differ- 
ences in  water  content  are  exp-ected  depe.nding  or.  whether  the 
measuied  temperature  of  tfifi  refixgeratof  is  reached  by  oclinq 
or  slight  warming.    Temperature  control  of  the  te!i  :  je;  at  was 
such  that  Ujciuatlons  of  tO.l'C  might  occur  and  these  are 
largely  responsible  for  the  scatter  in  the  rKjints  shown.  In 
addition,  water  contenl  was  to  some  extent  dependent  on  the 
degree  of  disturbance  of  the  sample. 

This  relatively  sxall  scatter  In  the  observed  points  is 
sufficient  to  prevent  an  accurate  calcu.atlon  of  the  relation- 
ship between  temperature  and  effective  stress.    Fig.  3  shows 
that  small  c:hange5  m  water  content  are  associated  with  very 
large  changes  in  elfective  stress,  so  that  it  is  necessary  to 
know  the  water  content-temperature  relationship  (Fig.  4|  §Ot 
the  freezing  condition  with  a  high  degree  of  accuracy. 


226 


Copyrighted  inaieiial 


60 


I  Total  mrictur* 
I  eentcnl  «c 


50 


40 


xn 
'v 

>« 


£30 

-»> 

c 

o 

u 

c 


20 


10 


\ 
\ 
\ 


\ 
\ 


LEDA  CLAY  GC 


Total  moisture 
~  content  KNB 


\ 


Cbo^ 


LEDA  CLAY  KNB 


Calorimetric 
d«ttrmli>gtlon»; 


o 


—  —  —  J  limiting 


Thawing  — 


valuM 


-1 


-2 


-3 


tt9.4.  SqulUkmui  w»tw  oeittHita  of  iimar  laywa 
I  did  not  oeeui) 


DETERMntATlOII-Or  TEMPCRMTURB  AND  mOAnVB  rORE 

PRCSSURC  ftCUTIONSHIP 

Pressure  effects  are  qeneraily  accopu-d  os  nvdinJy  reaponsible 
for  the  presence  of  unf.'ozen  water  in  frazon  loils.  Eartler 
work,  [4j  iirovltled  a  quontitatlve  evaluation  of  these  effects. 
Suctlon-woH:r  content  relationships  [6]  were  determined  at 
room  texpcraturo  for  the  soils  investigated  calorimeuically . 
A  hypothesis  was  protxjsi-d  that       Im-..  n.g  occurred  and  watar 
was  trar.sterred  Into  Icc-lunsos,  Lio  w.i'.i:r  remaining  in  the 
pores  wojid  be  ur.der  an  increasing  suction  (no'jitive  pore 
pressure)  .   This  suction  could  be  predicted  from  suction-water 
contfni  l<.-5!5— rtc.d  Is  probably  responsible  for  the  proscnce  o( 
the  unlrazen  waiter  because  of  its  effect  on  the  freezing  point 
ct  the  latter.   The  suction  pietlu.ted  for  each  unfrozen  watw 
content  was  found  to  be  related  to  the  temperature  by  an 
aquattan  of  tta  typa  by  Schotlald  C7]! 


(3) 


B  *  Mietlon  expraaaad  aa  lialgilit  of  a  ooimui  of  water, 
OB  PV/k'co)!  !•  *  lalant  Iiaat  of  fraaslng  of  waiv 
(S.396  K  10*  mqAAi  T  -  MMpwalura.  «K;  AT  -  nagattve 
tamparatwa.  *C;  and  gr 


This  relationship  could  only  be  deteriri;r.ed  following  a  larga 
number  of  carefully  conuoUed  tests  or.  various  soils- 
reasoning  as  above.   Results  are  aumn.arlzetl  In  ."ig  .  5,  modi- 
fied from  L'tj.   Except  ff«  a  necessary  mlr.nr  correction  to 
allciw  fut  tlie  effect  of  dissolved  stalls  or.  Iro.'zing  point,  the 
cqu.'itioii  i»  apparently  valid  for  all  soils.   The  equation  givaa 
the  frrcz:.-g -point  depression  of  water  under  negative  praa- 
sure,  which  is  in  contact  with  ice  u.".der  atmospheric 
pressure  [Bj.  Although  it  appears  unlikely  at  first,  this 
•  Ituatson  probably  occurs  In  soils  where  the  ice  phase  Is  In 
discrete  lenses  or  masses  larger  than  pore  size,  while  the 
water  lie*  within  small  poras  under  the  influence  of  capillary 
and  other  attaeta . 

lEMPZnaVRE  MfD  NZOMIWE  PORE  PRESSDRt  GONClUSIOira 

Although  earlier  work  [4]  did  not  abow  dlraeily  the  existence 
of  negative  pore  pressures,  preseni  experiments  clearly  dem- 
onstrate these  pressures  and  also  confirm  that  their  magnltuda 
is  similar  to  that  predicted  from  (2) .  A  thermodynamic  equa- 
tion of  the  typa  oi  (1)  does,  therefore,  correctly  describe  the 
tanqMratura-praaaura  ralatlonahlp  for  water  freezing  In  soils. 
On  the  basla  of  the  detailed  observations  made  in  the  earlier 
work  It  can  ten  ba  ooneludad  thai  (a)  gives  the  beat  available 
approxinaUion  oi  te  ralattonahtp  between  taaperaiufa  and 
nagaUva  pare  preuure  (and  diua  atfeetlva  atiaaa)  tn 
unoonftned  aanplaa. 

APPUBUIUK  OP  tQUmOH  (Q 

There  is  an  Mportant  limitation  to  the  present  experiment  In 
proving  the  range  of  application  of  (2)  Mtalch  remains  to  ba 
dtscusaad.  This  la  lUuairated  by  Fig.  C,  where  water  content 
la  shown  as  a  function  of  affactlva  alraaa  for  §am0l»»  In 

and  ■action  taau.  So  loa«  aa  te  eeil  is  cuuraMd, 
I  laata  «tw.  widi  miner  quallfleatlon,  siBllar  lasalts.  At 
2t%  waier  ooaient,  tfaa  turn  tata  of  faaulta  divarga .  Tbta  ts 
tha  abrlnkaga  liiU.t,  and  daaaturalloa  eecura  In  tlm  auetlen 
laau.  In  Pig.  4  tUa  la  loaebad  m  freaabig  to  about -1*C. 
On  fraaslng  to  lowar  taaaimratuma  Hia  awabrana  axperlnanta 
alwaya  gave  water  oontanta  aubalantlaliy  higbar  dian  Qioaa 
datanalnad  oalorbaetrlcoUy.  thla  la  pniliably  baoanaa  wttan 
daaaturalloa  ooenra,  bydrauUo  flow  la  aubatantlnlly  raduoad. 
Tranafecanoa  In  tba  vnpor  phaaa  nay  ooeur,  but  avan  after 
three  waeiea  at  te  low  taiaparaluraB«  watar  eentant  reawlaad 
bighar  in  Mm  aMwhrme  anparlflMM. 

Xba  Iniiiniauaa  bi  Pig.  3  eannot  ba  aMrapelatad  lo  aivly 
Iwyond  tha  ahrlakaga  Ibalt  (vdileb  In  tba  oaaa  of  Uda  clay 
KKR  la  reached  at  about  -1*0 . 
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PRESSURES  ON  m  ICS  PHME 

AigraeiHiit  oi  «xparlai€atal  obMrvattont  «rtth  (2}  lapliaa  that 
tha  prasaure  on  the  lea  (at  laaat  «hara  li  la  In  cxmtact  with 
the  walet)  la  ahaaya  atnmapharic .  Moat  of  the  loa  la  to 
bodlaa  cwnaiderably  larger  than  pore  atae,  and  ailofat  be  aiip- 
poaad  w  eairy  tha  affaetlva  atnaa,  eapcetally  at  peinu  el 
contact  «Hth  aoil  ftatau  (loa  and  gnlna  any  be  aaparatad  by 
a  beynd  film  ol  waiat) .  Itae  exiatance  in  the  toe  oif  a  poaiUve 
preaaur*  greater  than  ataioapherte  la  In  oonfUet  with  avidanea 
in  Fig.  S,  even  whan  allowance  la  made  for  •xpertaaantal 
errora. 

Cuivatuie  of  vary  aaiaU  radii  trill  cauae  tnonaiaata  or  dae- 
rementa  of  praaauie  locally  trithin  the  loe  [9,  I03>  It  to 
auggeated  that  the  Ice  aortoce  will  be  ooneave  over  gratoa 
and  convex  toto  porea,  with  radii  aiiidi  Oiat  looal  atraaaaa  are 
relieved  and  the  loe  aurtoce  in  contact  with  water  to  uoifenaly 
at  atnoapharle  preaawa.  Work  now  lielng  oairlad  cut  Inwolvea 
freeatng  latata  on  aaoiptea  Hnder  vartoaa  exianwUy  appttod 
totol-straaa  oonduioaa  and  aiay  give  furdiar  laligi«tlen  ea 
thia  point. 

CONCIJU8ION8 

Experiments  Involving  freezing  of  aotl  aaaiplea,  with  restricted 
ice-tens  development  show  that  water  which  remaUia  unfroaen 
wiihin  a  (rcezing  soil  has  a  negative  pressure.  IbU  negative 
I'orc  prossuro  gives  rise  to  an  etiectlve  sireaa  Which  cauaea 
consolidation .  This  vo fauna  decreeae  will  uaually  be  obacurad 
by  ice -lens  growth. 

Negative  pore  pressure  is  greater  at  lowar  temperatures. 
Unfrozen  wdter  In  saturated  soil  moves  freely  along  pore  pres- 
.■Jute  qrrtdlt.-ti!s .  The  experimeiits  cor.Ilrm  that,  (or  tempera— 
t'jri-s  down  to  tho  Icvul  at  which  the  shrinkage  limit  Is 
reoched,  cin  equation  of  the  typf  prof<osi?d  by  SchTficld  glVOa 
approximately  ttv'  suction  (ncqjtive  pore  pressure),  in 
onccr.flned  samp).  3,  js  5  function  of  tempKirature . 

The  effective  sucii  Juveloped,  even  at  temperatures  of 
-0.8'^  to  -1.^    C,  rjuses  considerable  consolldatiDn  in  com- 
pressible solU  .   This,  together  with  discontinuities  left  by 
ice-lenses,  results  in  a  special atruetiKe  to  Bolto  auh|aeled 
to  a  freeze -thaw  cycle. 
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A.  Dl8fu!i!ilon 

R.  D.  MILLER.  Cotnell  Unlversity-This  ts  a  wsry  Intsrastlna 
and  sl^allicant  contribution .  Wllllaras  atkoUIy  avoldt  tfaa 
protalams  InlMnat  In  the  use  of  his  second  eqnatkm,  or  aaonis 
to  (ef.  ooBinoiits  cn  paper  by  Lange  and  MeKlsd*  by  keeping 
the  loe  flMee  outside  tbe  sample.  This  maneuv«r»  wblcb 
allows  the  ioe-leases  to  grow  at  ata»sph«rlc  pressure  •  osten- 
sibly fiMes  the  fressure  on  the  iee  phase  and  eMCludss  lee 
ban  the  paras  wtaara  the  pressure  in  the  loe  is  unkooun  when 
the  waier  praesure  Is  unloiawn.  This  la  one  of  Qm  faw 
exeisples  of  uee  of  the  equetlon  In  e  nmnwr  that  nduoes  Uw 
uneertetntles  of  the  boundary  oondltlone. 

It  Is  interesting  lo  note  tfaet  unfroien  water  oenlsnt  vsrsus 
leisperBtuie  relatloashlps  obssrved  under  two  expsrinental 
oonditJons  divasge  at  the  shrinkage  Unit,  but  agrae  dtMwn  to 
tiiat  point.  This  suggests  that  where  It  ms  iseseBt,  tiin 
nanhrane  pravenlad  ice  entry  into  tiie  pore  eirsieBi  of  tlia 
saapte  under  oondttlons  where  entry  oceunvd  In  Hw  atManoa 
of  the  nenbrane.  Censaquaatly,  sons  water  In  the  saaipia 
with  the  nemtarane  failed  to  treese  shnply  because  noeleation 
ef  tnesing  was  bloeked  by  the  misbrane  and  the  unlrseen 
water  content  observed  was  greater  than  that  obaervad  whan 
the  nanfarane  waa  absent.  Ihla  explanation  obvlaias  die 
need  for  the  axplanatioa  offered  by  wmiane,  but  at  the  sane 
tbae  doee  not  InvaUdsIs  his  suggestion.  Fortheebove 
explanation  w  be  veUd»  it  Is  necessary  to  assuaie  that  eidMr 
the  nenbrane  elso  bloelwd  air  antnr  or  that  the  eurfaoe  energy 
of  the  elr^watar  inisrfaee  sMoeeds  that  of  the  ioe^water  lator- 
faee.  Oiherwlee  the  water  hi  ^estion  would  have  bean  dis- 
placed by  air  insisad  of  ice,  where  the  latter  sns  sjecluded 
by  the  nenferene.  SlUisr  or  both  are  probable. 


B .  c  DDSU  Ri  -I  J  rr  i  ndabtod  to  Miller  fOT  Aawltiff  Sly  attention 

to  an  lmpnr;.jnt  point. 

Is  It  to  be  expected  that  the  water  content  of  the  layer 
between  the  tnembranes  will  be  equal  to  the  (unfrozen}  water 


cor.tent  of  "ncdiially  Iruzi:.-."  soils?   Tli<'  pitiUlijm  !s  most 
easily  urulerstoo<l  tjy  chk-.m U3t:r  iritj  the  «'xi<;nt  to  which  ice  In 
"normally  (r;;/.i-n"  ;.oLl  is  Inc.iUztid  int.-  .y  few  rel^-it:ve!y  large 
brjdlr;i  cr  js  dispersed  through  the  p>are3.   As  tomporaturo  is 
lowered  Ice  will  tend  to  enter  smaller  and  snalicr  pores.  The 
size  of  the  por<?s  of  the  membrane  Is  so  small  that  it  is  qur.e 
certain  that  ;ce  canr.ot  grow  through  tlv!ra  except  at  te.iiper.j- 
tures  far  lower  than  those  of  IriieteMt  in  the  prese.--t  cri.se  .  At 
seme  rauoh  higher  temper.-Hure  there  will  u<-  siynilic^r,! 
nutriier  or  p<>r«s  in  the  soil  loyer  between  the  membr.jr.es  which 
would  hcive  cont.::-.ned  ice  had  the  memijranes  not  prevented 
thit! .       these  p.3rticuiar  pores  arc  water-filled  at  that 
terr.perature ,  then  the  water  content  of  the  layer  will  be  higher. 

FolJowlng  Everett  [I]  the  slse  of  pores  entered  by  loe  at  a 
suotloR.  tt  is  given  by 

r=-7=-  (B.ll 

where  is  Ihc  intcrfaclal  energy  ice /water.   If  u   la  the 

suction  established  at  a  .Tlvon  temperature  (ui  agreetr.ent  with 
[2))  Iher.  pon  s  of  larger  radius  than  r  ,  are  Ice  filled  at  that 
ttimporature .   Froir.  the  auction -moisture  conl(»nl  curve  (Fig.  6), 
it  appears  that  a  large  numbet  of  p.irc;;  ol  UtJ.i  r-\ay  KND  are 
emptied  at  a  suction  of  about  11  kg/  sq  cm.  The  size  of  pores 
drained  at  a  given  suction  is  given  by  a  sinllar  equation 


2<r 


aw 


u 


where  is  the  inlerlaclal  energy  air/water .  Both, 

and  (r       are  now  quite  .accurately  known  [2].   Here  we  need 

only  clnsidor  the  ratio  between  them,  that  is,  approximately 

2  to  S  to  see  th=it  pores  entered  by  air  at  a  suction  of 

11  kg/sq  L~ni  mignt  be  e.  tered  by  ice  at  a  little  over 

4  kg/sq  t:i:i  -    J'rorn  (2),  ihi^  latter  suction  occurs  st  .nbout 

-C.^'  C.    in  the  Ci>iie  li|  Ihe  l.jyer  betwi!<'n  the  ineinyr.-ir'.es  SUOh 

pcres  will  tic  water  filled  at  least  until  a  suction  of 

11  kg/sq  cm  ts  reached.   The  water  content  for  this  layer 

might  therefore  be  expected  to  diverge  from  calorlmetrlcally 

determined  water  ;:u.-.te-.ts  at  this  temp-irjiture.   The  relatively 

imprecise  observations  do  not  reveal  this;  ;i  ;s  .i!so  open  10 

question  whether  these  simple  considerations  Ti.jy  be  applied 

to  pores  of  the  size  found  In  clays  where  much  of  the  water  Is 

bound  to  the  particles  and  praibably  not  suacnptlbla  to  beaxlng 

in  the  usual  sense. 

In  any  case,  the  pressure  In  the  water  In  the  soli  between 
Ihe  membranes  and  that  outside  them  can  be  assumed  equal  at 
the  termination  of  each  test.   Measurements  of  water  content 
of  the  inner  layer  allow  determination  of  elective  stress 
developed,  and  ttana  of  euctlon,  at  least  until  the  ehrinkege 
limit  Is  reached. 

The  considerations  given  above  are  relevant  to  earlier  [3] 
experimental  evidence  (Fig.  $).  that  (2)  describes  the  rela- 
tionship between  tempatatm  md  suction  In  tlie  ivater  phase 
of  Iraaen  soils.  They  suggest  an  explanation  for  the  tendency 
of  experbaental  points  (obtained  using  conventional  suctlon- 
nolslure  content  tests)  to  lie  under  the  theoretical  curve.  The 
Sise  of  the  correction  that  might  be  made  to  such  point««  on 
account  of  the  difference  In  inierfacial  energies  md 

O      is  largely  beyond  Ifaa  SOOpO  of  the  present  dUaisslon. 
trappeera  to  be  saiall  for  tmtperatures  at  which  there  Is  Uttle 
entry  of  ioe  Into  the  pores  but  might  theoretically  involve  a 
leductlon  by  three-fifths  of  the  suction  shown  for  cases  where 
lee  Is  widely  dispersed  through  the  pores.  It  is  most  relevant 
where  soil  pores  are  large,  and  where  consequently  ice  entry 
occurs  at  relatively  high  temperatures .  Another  peper  in  this 
volune,  by  MiUer,  discusses  the  aiatier  hi  fhrther  detail. 
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UNFROZEN  WATER  IN  FROZEN  SOILS 


Z.A.  MBJlSEOVA«Mt  N.  A.  TSYTOVICH,  V.A.  ObnaclMV  PMiMtaott  JtoaMroh  InsUtuU,  Moicow 


In  liManeueo  wtth  hydiephlUe  wilds,  waur  at  tin  lotarfiM 
tufiu  into  a  iMw  phyneoehanleal  tlat*  Cll. 

Many  ■denttata  aubdlvtda  watar  tn  dlapatsad  sysiama 
Into  Umm  watar,  which  la  not  Influanoad  by  tbrn  aoU  aurfaaa^ 
and  bound  tfatar,  which  la  Influanoad  by  Oa  aoU  aurfaca.  In 
turn,  bound  waiar  la  aubdlvldad  into  ananply  bound  wator  and 
waaUy  bound  watar.  Kowaver.  thaia  la  no  eonmon  orttaitoo 
tor  datanmntng  lhaaa  eatavortaai  and  In  ctoaalftoatlona  of 
diflarant  auihora .  water  eaMgoilaa  oftan  diffar  aharply. 

Raeantiy.  pcoeaadlnga  froai  tha  iBuetuml  proparttaa  of 
wMar  at  iha  inteilBoa  with  a  eoneapt  ealM  "boundary  phaaa" 
It,  3]  was  imnduoad  to  dlaungulsfa  Ols  apaclal  atata  of 
wBttr.  Rowavar.  lar  Iba  prMaM.  thwra  ia  no  ofttailonnHilelt 
miflht  panlt  ana  to  aauawta  qusnmiuvaly  th«  oontaat  of  ilia 
boundary  pliaaa  ia  aoll.  and  In  faosan  aeils  in  particular.  Ika 
awat  valid  thaorotieal  olaaalfleatlon  of  wat«r  typ«s  in  dls« 
paraad  syataaia,  baaad  on  tba  natuaa  of  tha  tmter  raUttonabtp 
with  tha  aatarial  C4l,  eannot  ba  appUad  to  ftosan  aoUs  althar. 

Purtfaannora,  tha  anount  of  liquid  watar  in  fncan  aoila  la 
datamlnad  not  only  by  tha  action  of  tha  flald  of  Jtwea  of  tha 
auffiiias  of  tha  aoil  akaMon,  but  alao  by  tha  oontant  of  watar 
solubia  oompoiiBda. 

With  lagaidlD  frozen  soils,  it  is  expediant  to  diatlnguidi 
csteDorlaa  of  water  depending  on  then  phase  states.  While 
analysing  possible  clasatfloaUona  of  natural  waters, 
V.  I.  Vemadskly  Cs]  dlatlmulabad  tlima  main  groupa: 
G«seous  waters  lstoaad«  liquid  waters  (aolutlanal«  and  aolld 
waters  (ice) . 

Considering  that  the  quantity  ot  liquid  watar  tn  frozen  soils 
deponds  on  thennodynanUc  paiaatatara  datanalntng  the  state  of 
the  syaieffl  and  on  the  oontant  of  water  aeluble  coropoundx .  the 
claaaiacatlon  of  water  in  frocen  aoila  aliould  be  based  on  the 
aMragate  (phaae)  state  of  water  and  on  its  phase  tranaillens 
at  negative  tenperaturaa  t6l.  In  this  case,  the  followlna 
main  types  of  watar  oonlalnad  in  bocan  aoila  any  ba 
distinguished: 

1.  Water  in  gaseous  state. 

2.  Water  which  does  not  change  Its  phase  state  wld) 
taatpaiature  and  pressure  alterations  (strongly  bound  water) . 

3.  Water  of  alternating  phase  state  (freezes  and  thaws  at 
a  temperature  balow  0*0}.  InoludinB  waolcly  bound  watar  and 

solutions. 

A.   Wator  m  soliti  phase  (ice) ,  i.e.  ,  free  water  which 
freezes  at  O'^C  and  does  not  thaw  at  normal  pressure  and 
negative  tcnFcrnturc 

The  peculiarities  of  phage  transitions  o(  water  In  soils  are 
considered  In  detail  In  a  special  report  by  I.  A.  Tyutyunov, 
entitled  "ITiase  Transformations  oi  Wotut  In  Soils,  the  Nature 
Of  Its  Migration  and  Heavlr>g  .  " 

The  first  data  about  panially  iroiicn  and  unlroien  plastic 
layers  of  so::  between  layers  of  ice  dates  baclt  to  the  end  of 
the  '. yih  century  1 7].  According  to  this,  the  more  dispersed 
soils  contair.  less  ice.    Later,  the  water  freezing  temperature 
depression  in  soils  was  experlrtientaliy  studied  by  a  number  of 
sclcTitiats .    Worthwhile  systematic  investigations  have  been 
rr.ade  by  G.  Bouyoucos  [8.  "i  '.  .  G.  Beskow  [  10]  ,  E.  Yung  L 1 1  J, 
N    A,  Tsytovich  [\2,  13.  143.  and  A.  E.  Fedosov  Llij. 
These  scientists  obtained  data  on  the  unfrozen  water  content 
in  various  soils.    In  1940,  N,  A.  Tsytovich  formulated  tha 
principle  of  thn  cqulllbrlurr.  ;;tati-  ol  water  in  frozen  soils 
according  to  which  '  Ihe-  am.ojnt.  composition  and  propertlea 
ot  unfrozen  water  contaln<-d  In  frozen  soils  do  not  remain 
constant  but  chanye  with  a Itorfliior.s  of  external  Influences, 
bein<3  m  a  state  of  dynamic  etiuilibrium  with  th«!  latter"  [  12], 

Later  ■icimllllc  Investiqatlons  were  made  in  the  laboratory 
of  the  Perr^<)f^o^a  Research  Institute  of  the  USSH  Academy  of 
Scior.ces  l6,  lb,  17,  ISj.  and  soils  studied  under  natural 
condiuons  of  various  northern  regions  L)9,  20j  verified  this 
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pfloelpla.  typical  eunma  far  tha  OMln  typaa  of  soil  wata 
obialaad  widoh  ahowad  ehaiiQaa  of  uafmaan  urator  ooataitt 
dapaadlng  on  nagatiwa  taavanturaa.  Tha  analyals  of  this 
tanpamtura  lalationridp  riiowad  tliat  thna  tMpantnia  rangaa 
of  watar  phaaa  tianaltioinB  in  fiosan  soils  amy  be 
dtattngulshad  [l2]t 

1  ■  Iba  isnga  of  signlfteant  phaaa  tmnsfocaiatlOM  in  wMeh 
tha  ehansa  of  unfeoson  w»tar  anounta  10  1%  and  wora  (with 
raspacs  to  dia  weight  of  dry  soil),  fora  1*  dianga  in 

t.  Tha  tmnsltlenal  nnga  wbara  dhangaa  of  unftoaan  watas 
lanos  floa  0. 1 10  IV  for  1*C. 

3.  Tha  cugNi  of  piaetlealto  fiman  aiata  whaaa  phasa 
mnstomatiens  of  watar  Ibr  1*  do  not  aowaad  O.M. 

Tba  taapacatuc*  raBgaa  of  phaaa  tmnsforaatloas  of  watar 
eoBfbnt  ID  thaaa  eataqodaa  of  watar  in  fiesan  aollas  lha  waisr 
of  alternating  ptmnm  state  oonaaponda  to  the  taage  of  algnlEl- 
oaat  phaaa  tzanafaiwatlODa  and  to  tha  tnnaitlonal  flalds  tha 
watar  wiUich  doaa  not  chan^a  its  phase  state  at  negativa  taa- 
pamturaa  eomsponda  to  tha  range  of  practically  fioaaa  atata. 
For  tha  atajoilty  of  oooaalina  aoila.  tha  above  raagaa  of  watar 


Fig-  1-    Unfrozen  water  contents  in  typical  nonsallne  aolls 
(1)  Quartz  sand.  (.')  .'.-indv  [ram.  (3)  Loaai.  (4  Clay,  and 
(S)  Clay  oontaliung  inontmoriilonlte 
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phase  Uonslormafxins  arc  expressed  rnlhcr  distinctly:    In  the 
range  ot  signilicant  ph«se  translormotions.  the  amount  of  un- 
frozen water  usually  corresponds  to  the  moisture  txiginnlng 
from  the  maximum  molecular  water  capacity  arvd  higher;  in  the 
transltiorwl  range,  the  unfrozen  water  content  corresponds  to 
the  moisture  values  ranging  from  the  maximum  molecular  water 
capacity  to  the  value  of  strongly  bourvl  water;  in  the  range  Of 
practically  frozen  state,  the  amount  of  unbosen  water  approxi- 
matsB  the  maximum  hygroscopic  inoistun  or  caneaFOnd*  to 
•trongly  bound  water  Lib.  19.  21]. 

In  aiott  soils  at  a  tafflperature  below  -  70° C.  liquid  water 
(nazes  completely,  and  at  a  tamparature  of  -193.8".  unfrozen 
water  was  not  detected  even  in  highly  dispersed  montmorll- 
lonltic  clay  [  22] .   (The  complete  (reesing  of  water  means  the 
(raazing  o(  the  water  as  determined  by  drying  at  lOS"^  C) . 

Tor  some  typical  soils,  changn^s  of  unfrosen  water  content 
depending  on  temperature  are  giver,  in  Fig.  1.   Mean  data 
chanctailxing  the  oontant  of  unlrozan  water  in  nonsallna  soils 
■n  pwantad  In  lubi*  1  wHh  •eemet  tuldeiant  far  pnetlotl 
purpoaas. 

Tbfctol.  Oaflrozen water  content  )r.  typical  nonsalinc  soilsLld 


Maximum 

Unfrozen  water  (with  respect  to 

molecular 

dry  wt  of  soil)  .  % 

water 

-o.z" 

-l" 

-4.5" 

-9' 

below 

Soil 

capacity.  % 

-0.5" 

-2° 

-5" 

-10" 

-10° 

Sand 

1-7 

O.S-2 

O.S 

o.s 

O.S 

O.S 

Sandy  loam 

9-13 

3-10 

3-6 

3-6 

3-6 

3-6 

Clayey  loam 

lS-23 

10-20 

5-15 

5-10 

4-8 

4-8 

Clay 

23-3» 

15-25 

10-20 

10-15 

5-10 

S-10 

Clay 

containlr>g 

>35 

30-40 

20-30 

15-25 

15-20 

lS-20 

As  stated  by  a  number  .T  invt  stujators  [  1  1  .  19,  23],  as 
well  as  by  detailed  deten;iiniit;ons  o;  phase  composition  of 
water  in  various  frozen  soils  made  by  the  authors  with  the  aid 
of  colorlmetric  methods  in  an  isothermal  colorimotor  spccloUy 
designed  for  the  purpose,  the  content  of  unfrozen  water  for  t.he 
given  soil  does  txst  depend  on  water  content  but  is  detenr-iined 
BMinly  by  the  value  of  the  negative  temperature 

The  above  mentioned  law  is  of  great  practical  ..Tiportance. 
After  determining,  under  field  conditions    the  negative  tem- 
perature of  the  soil  and  its  total  water  cor.tcr.t.  and  attot 
calculatlr.g  ir.  laboratory  experiments  the  unfrozen  water 
content  for  remolded  s|ieclm<?ns  corrospondirig  to  this  tem- 
perature. It  IS  tx>sslbU;!  to  caU-ulflte  the  amount  of  um-  i;i  li-.r 
soil  undei  rjitural  conditions  [24  I.    U  is  necessary  to  point 
OJt  that  Yorjg  L2Sj  states  that  the  unfrozen  water  content  in 
soils  of  higher  Tioisture  content  is  higher,  which  is  quite 
riatural  since  Ice  Is  o  hydrophilic  txidy .    However,  for  all 
practical  purposes.  It  cjsr  be  assumed  t.hat  the  content  of 
unfrozen  water  In  a  frrzcr  soil  is  determined  by  the  value  of 
the  negative  temperature.    As  stated  l14J.  the  exterr»l  pres- 
sure Influences  the  unfrozen  water  content  In  frozen  soils  and 
especially  in  l^e  range  of  significant  phase  transformations  of 
water,  as  well  as  in  the  tran.sitlonal  range.    Thus,  for  in- 
stance,  it  v/as  stated  that  clay  at  a  temperature  of  -!,7"C 
CO ntAl ii'-ij:  A2%  unfrozen  water.    The  same  clay  .lubjected  to  an 
e:<t:'rii.i I  pr-e.'  ijre  of  2  kg /  sq  cm  during  Ireezli/j  st  the  same 
tt;irii.<!]rttur,'  c  cm.mi:  rii  58%  unfrozen  water.    In  the  .lane  way. 
external  pressutt?  alh  i  t'l  fh(>  unfr^if—n  water  content  in  other 
soils,  especially  ir    l.rr  .^[u^rM'J  M-il!::.. 

In  frosan  soils,  when  the  phase  equilibrium  ol  water  is 
disturbed,  wrloua  gmdlMita  ailM  which  naka  unbomn  watar 

move. 

R(  !.'-d:cr  by  I.  A-  Tyutyunov  l26]  under  natural  conditions 
and  especially  the  experiments  reported  here  shnw  that  11  there 
Is  a  temperature  gradient  In  frozen  soils  (especially  In  the" 
range  of  significant  phase  transformations  of  water)  ,  unfrozen 
water  migrates .  This  migration  is  directed  toward  the  cooling 
front  where  the  water  film  is  thinner  because  of  the  transition 
of  some  of  the  water  to  ice.    A.  A.  Ananyan  stated  that 

I  of  unlrozen  water  took  place  uitder  the  effect  of  the 


potential  difference  ot  an  electric  field  in  a  frozen  soil.  The 
latter  pherysmenon  may  b«-  used  in  practice  for  clectro-osmoUc 
drainage  of  tvot  only  unfrozer.  soils  but  also  frozen  ones. 
However,  oot  every  value  of  a  force  gradient  leads  to  motion 
ol  unfrozen  water  in  frozen  sails,  since  it  Is  necessary  to 
overcome  some  initial  reslstartce  to  the  motion.    Thus,  the 
experiments  p^erformed  for  the  purpose  of  solving  a  practical 
problem  in  hydraulic  engineering  showed  that  at  a  temperature 
gradient  of  l"/cm,  water  did  rK>t  migrate  in  dense  Kinel  clay, 
whereas  at  a  gradient  ot  S'/cm.  intense  migration  of  water 
and  heaving  and  aoftaiang  o(  etoy  aotl  on  tha  dlteli  boMoa 
occurred. 

Thus,  migration  of  unfrozen  water  in  frozen  soils  begins 
only  at  values  of  gradients  which  exceed  some  initial  value. 
Because  of  the  very  low  permeability  of  frozen  soils,  (the 
coefficient  of  permeability  is  of  the  order  of  10' cm/ sec) 
this  motion  proceeds  rather  slowly.   As  far  as  great  i 
of  time  are  concerned  that  are  measured  by  months, 
centuries ,  and  longer  periods  of  time  such  as  g  BO  logical 
periods ,  migration  of  water  in  irosan  soils  aiay  aaaantlally 
affect  the  water  distrllmtlon  In  fRMHHi  iOUa  and  pematoat 
and  their  ice  content. 

Besides  external  Influences  (temperature  and  pressure),  the 
main  factors  determining  the  unbosen  water  content  in  frozen 
■alls  are:   (a)  Specific  surtiea  area  of  the  solid  phases  of  the 
soil  system  (ralneial  and  organomtneral  skeleton  of  soil  and 
ice);  (b)  chemical  and  mlneraloglcal  composition  of  soil:  (o) 
pbysicochamleal  obaiaoiailttioa,  atpaclally  the  nature  of 
amhaivaafela  cations;  W  centant  and  oonposltien  of  ivatar 
ioluUa  compounds. 

As  fflamioned,  the  last  item  Is  a  specific  feature  which 
pannlts  a  distinction  between  unfrozen  water  in  frozen  soils 
and  teuad  water  at  a  positive  temperature- 

lha  mpoftanea  of  the  specific  surface  area  of  a  mineral 
1  pSMod  by  eacperiments  on  detenninatlon  of 
t  in  baeUoBs  of  quarts  sand  of  diffaiant 
gtadatlOAa  C6.  ISl. 

In  fractions  of  1.0  to  0,  5  mm  and  O.OS  to  0.  01  mm,  the 
unlrozen  water  conter^t  (per  cent  dry  welghd  at  -0,  6°C  reached 
0.2  to  0,  3%  and  about  '.%,  respectively;  whereAs  In  a  fraction 
of  quartz  sand  of  le.is  ihan  0.  001  mm.  the  unlroxen  water  con- 
tent at  0.5  to  O.e^C  reached  14.2%;  at  'l.lf  SQualad 
and  only  at  -5°C  decreased  to  2%. 

It  has  txjen  proved  experimentally  that  the  phase  composi- 
tion of  water  in  frozen  soils  depends  rx>t  only  on  the  value  of 
their  specific  surface  '.2i]  .  i.e.  ,  ttMlT fliadatlOa,  bUtalSOOn 
their  internal  surface  (ultraporoslty) . 

It  Is  apparently  necessary  to  find  methods  of  estimating  the 
active  surface  of  soils  which  really  interact  with  water  films. 
This  Is  especially  important,  since  the  concepts  of  active 
surface  and  active  surface  centers  are  widely  used  in  physics 
and  chemistry  of  surfaces.    This  is  espiecialiy  true  In  the 
crystallochemical  approach  to  the  problem  of  unfrozen  water 
in  frozen  soils  [28]  and  in  the  interpretation  of  water  phase 
transformations  m  freezing  and  frozen  .soils  on  the  basis  of 
water  structure,  Iranslatory  motions  of  its  .-nolecules.  and 
the  Influence  of  the  surfaces  of  the  mineral  skeleton  [29,  30], 

Consideration  of  the  processe.-.  ol  the  wetting  of  solid 
bodies  by  water  ar.d  laws  ot  its  migration  and  crystallization 
.3,  31  J  also  involves  the  ccnri'f.'!  oj  an  flcllve  surface. 

The  Influence  on  water  pha.se  composition  In  frozen  soils 
of  qualitative  pecuUaritler.  ol  the  soil  mli;:':,!,  r,>..-|eton  (such 
fls  mlneraloglcal  and  chemical  composition  ci well  as  physl- 
ctLichcmicol  properties)  am;  the  rviture  o!  exchangeable  cations 
in  particular,  cannot  be  observed  in    pure  form"  since  they  n;<- 
lnt'-!.-i  Tir.i'cted  with  the  gradation  ol  soils.    As  i.i  known,  ^oll^, 
containing  minerals  lxjlongir.9  to  the  montmotU lonite  group  in 
the  fine  fractions  ore,  as  a  rule,  very  fine  grained.    In  turn, 
when  ©xcha r,g ea bie  cations  are  ropicsented  by  univalent  ions, 
cspecla  1  ly  Na- ions .  soils  possess  a  large  specilk:  surface. 
In  the  presence  of  multivalent  exchangeable  caUons,  when 
irreversible  coagulation  of  the  fine  fraction  takSS  plaoa.  tha 
specific  surface  of  soils  sharply  docreases- 

The  quantity  of  unfrozen  water  reflects  the  total  inthjence 
of  gradation,  mlneraloglcal  composition  of  clay  fraction,  and 
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IkUs  II.  Water  properties  and  microaggre^at*  conpQtfUon  Of  nononlMnl  clayt  dspmdlng  on 

nature  of  oxchariQeable  cauont' 


Itelatufa.  % 

Content  of  fractions,  %  (d, 

mm) 

Clav 

Max. 

hywOMOStc 

Max. 

Plastic 

Umlt 

1.0- 

A  M 
V.  *9 

0.2S- 

0.05- 

i\  1 
V  .V  I 

0.01- 

u.uos 

O.OOS- 
0.001 

0.001- 

0.0002  <0.0002 

fc- kaolin 

10.0 

30.0 

50.  B 

traces 

25.8 

68.  2 

6. 0 

9.0 

30.0 

52.0 

same 

21.2 

70.0 

3. 1 

Na-koeUn 

9.0 

32.0 

s«.o 

24.6 

«0.t 

10.0 

6.0 

0.0 

Fe-askar^*!* 

27.4 

4«.0 

90.0 

16.6 

35.9 

26.9 

8.8 

8.4 

Ca-a  skangel' 

26.0 

$7.0 

123.0 

!0.  1 

3D,  9 

28.  6 

8.  8 

10.8 

10.6 

Na-askangel' 

24.9 

90.0 

200.0 

4.8 

23.  1 

3.6 

S.9 

5,4 

3.8  53.4 

*KaoUnlto  pradogaJiiataa  In  kaoUn,  noniaiailllanlta  In  aakanv*!'. 


m  unj. 
99r 


m 


90 


go 


70 


T 


Na-tons 


O  Ca-ions 


X  Fe-ions 


Flfl.  2.  VnCroxan  water  rantent  In  kaolinue  and  nKxnanrll- 
lonita  claya  of  vartous  axchangaable  cauons 


nature  of  oxchongeable  cations  an  the  extent  and  energy  o( 
tho  soli  surface.   In  montmoniiorUte ,  ultraporosity  (intortMl 
surface  of  the  sollj  sharply  increases,  and  the  amount  of 
unfrozen  water  Increases  as  well;  but  the  water  freezing 
tenperaturc  ijocrcasns  l22j. 

The  Importance  of  the  nature  of  exchangeable  cation?  on 
the  water  properties  of  soils  and  the  binding  of  water  is 
acknowledged  by  all  investigators  and  has  been  proved  by 
numerous  experiments.    The  laws  of  water  phase  composition 
change  m  kaollnite  and  montmorlUomte  clays  of  different 
compositions  of  exchar^eable  cations  were  studied  (Fig.  2). 
In  the  case  of  kaollnite  clay,  exchangeable  cauona  do  not 
influence  tha  flfsdailon  and  watar  pnparttaa  iwtaclaUy 
(Table  10. 

Tha  cnrvaa  of  diaapaa  in  unfioson  mtar  eoniant  wtih 
raipaet  id  tanpaiMiim  ainoat  oolnclda.  and  only  near  0*C 
doaa  Ha-kaolln  contain  aora  unCmaan  wMnr  ihaa  Ca-kaoUn. 

In  a  nontmorlUonite  clay,  "aakangal."  particle  ataa  and 
all  watar  pioiioitlaa  dapand  lo  a  fliaat  «xiaM  on  tha  natura  o( 
axehangaaMa  cauona.  aa  TtUa  n  ahewa.  Whan  Na-Miw  ana 
In  tha  axtihanga  alau,  aakangal  la  a  vaiy  niwgmnad  elay 
eonlalnlno  a  eolleldal  ftaeilen  of  ovar  50%.  far  aulttvalant 
axehangaabla  oatlona  CCa  and  Fd .  tha  oollotdal  baeaoR 
dlaappaara*  and  tha  grain  aisa  ineraaaaa  ahaiply.  Ihia 
phanoaaaoD  la  alao  laflaetad  by  tha  dapandanea  of  i 
watar  eeatant  en  taotpantum  la  aakangal  with  dittannt 
amhangaaUa  oauona  (Pig.  21. 

Evan  m  tha  nngo  of  a  gnctlcaUy  ftoMn  attta  in  i 
of  Na-  and  Ca^aalkangal,  tha  unfloaan  watar  oeflMnt  diflan 
S  to  OX.  In  tha  langa  of  algnlfieant  pkaaa  tiaaafoaBatfona. 
thla  dlffwanea  raachat  bom  10  to  18ft;  wharaaa  at  a  i 
tura  of  •0.2!*  It  reaches  about  60%.  llniai  •  ibai 
Ingnm  tfaa  and.  apparently,  an  axianalva  bdanal  i 
(lakiKiiiOioatty)  of  Ma-numtmorlllonlte  clay  cause  a  matailal 
iacraaaa  of  unfiosan  water  content  as  compared  with  Ca- 
askangel  at  any  neqative  tamparetura.  In  Fa-askangel,  where 
coagulation  and  aggregation  ara  expressed  still  more  distinctly 
than  In  Ca-askangel.  tha  unfioaan  water  content  dlmlnlshaa 
accordingly.  Probably,  for  Fa-askangel,  the  value  of  tha 
Intanal  suriaoe  (mtciDpotoslty)  decreases  sharply  as  well. 

The  Influence  of  water-soluble  compounds  on  unfiosan 
watar  in  frozen  soils  shows  directly  both  in  a  decraasa  of 
fireeslng  temperature  of  the  pore  solution  and  in  a  diminution 
of  the  C  -potential  and  the  thickness  of  water  shells  on 
colloidal  toil  partlelas.  It  ahowa  to  a  varying  degree , 
depending  on  tiia  aiaeunt  and  oompoaltien  of  tha  vmtar-  aetuMa 
compounds. 

The  complexity  of  watar-phasa  ttansformations  is  caused, 
on  one  hand,  by  the  fact  that  soils  are  multiphase  and  multl- 
componant  systems  and,  on  the  other  band,  by  pecuUarltlea 
of  stnictuf*  and  properties  of  watar  in  the  liquid  phases, 
aspactally  film  «ratar.  Vemadskly  [  S]  points  out:  "Phyaloo- 
chaailcal  ptopeitieB  of  water  molecules  are  absolutely 
axoapuonal  among  hundreds  of  thouaaiKls  of  chemical  oomU- 
nationa  known  to  us."  Ha  also  states:   "Thus  the  masa  of 
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fhln  wster  aim*  of  halr-thtekmas  lit  di«  with'*  entft  la 
eonpanbU  at  iMA  ti>  tto  wmn  of  ««tar  In  tiw  oewa." 

M  piaaant  maiqr  8«t«iitUt«  [3.  19.  29  lo  34l  are  •ngagad 
In  aDMiiB  All  eoniiiUeatad  and  important  prablam.  Hiay  point 
out  ttm  noeatatty  al  ■tndying  water  structure  and  th«  paculi- 
ailtlaa  of  Ita  prapaniaa  for  the  purpose  oi  interpmatlna  tha 
pcoeaaaaa  of  toladlii0  watar  in  aolls  and  lecka  in  ffaaanl,  aa 
wall  aa  ftaaalng  and  tfaawlna  of  watar  in  paitieular. 

lha  Japortance  of  unflpoaanwalar  In  tesen  gall  for 
ttiaataUoal  and  applied  flnaaa  aou  laanarcti  is  ttnquaatlonable. 

Study  of  quantltatlva  and  qoalltatlvo  lawa  of  Mtgnitlon  of 
thin  watar  lilaia  in  Itoaaa  aoila  and  tbnir  Intacaetton  wlOi  an- 
deauw  racka  ia  of  pannoont  iapectanoa  la  tha  jaeUaai  of 
foraatlon  of  tha  fkeaan  aona  of  tha  UOeaphan  and  Ita 
tnnsfomatlona  (oiyollthogenesls). 

The  physlconmcbanlcai  properties  Of  Itaaan  wMa  and  loa< 
•Ad  tha  chaagaa  taking  place  because  of  tempaiatam  and 
axtamal  iBfluancna  also  dtrecUy  depend  on  unfranan  watar 
content  In  bosen  soils.  CSaa  "InalsbiUty  of  tha  Maehanlcal 
Properties  of  Flosan  Soils."  In  this  volume.) 

All  thamophytlcal  processes  in  freezlno  and  firoaan  aoUa 
are  connected  to  some  extent  with  unfrozen  watar  and  Ita 
quantitative  estimation. 

rinally.  ouestion*  on  water  regime  end  watar  atoraga  In 
aaasonaily  (rozon  soils  are  also  closely  connected  with 
Bdgtation  ot  water  both  In  the  period  of  their  freeslng  and  In 
tha  tnsan  state. 

In  the  near  future,  it  will  be  necessary  to  coneentiate  the 
atforti  of  scientists  on  solving  the  following  important  ptob- 
lama  of  phase  equilibrium  and  phase  trans fbrrastions  of  water 
in  soils:   (1)  Structure  ertd  properties  of  thin  watar  fllaia  on 
tha  surface  of  line  grained  solids  and,  specifically,  aoUal 
(3)  Surfhea  acUvity  of  tha  aunaral  skeleton  of  soils;  (3t  Fhysi- 
cechomieal  studies  of  tha  toroas  of  Interaction  batwaan 
mineral  skeleton  and  watar  fUms;  (4  Isolauon  and  analyala 
of  para  solutloaa  of  froaan  rooks  and  soils;  (5)  taws 
fovamino  watar  Uha  nlgiation  in  soUa  at  nsgativa 
tamperatures. 
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DISCUSSION 

R.  D.  MtLlXR- This  paper  is  tantalUlng-  It  deals  with  a 
broad  range  of  phenomena  and  relationships  ol  Interest  and 
significance,  but  the  scope  is  so  wide  that  only  a  glimpse  of 
each  item  Is  obtained.   Evaluation  of  the  authors'  thoughts  In 
relationship  to  the  authors'  findings  or  vice  versa  is  difficult. 
Anong  the  Items  of  greatest  interest  to  this  reader  are  then- 
latlonshlp  of  exchangeable  ions  to  soil  freeElng  and  haaviav 
praeeases  and  a  ertUoal  iniual  tenpereture  cndleiK  far  watar 
mviwMiit  in  ftosen  coU.  It  la  cauw  far  nvrat  tlwt  th* 


authors  did  no;  ch  ;  !3i  to  present  a  5ciecti?d  subject  In  more 
detail.  On  the  other  hand,  had  they  done  so,  we  would  not 
haiva  had  tha  baaafit  el  tiia  auivay  of  ihalr  waik. 

CI08UIV 

Pnfaaaor  Miller's  comments  regarding  the  article  "Untoaao 
Watar  In  Frosen  Soils"  are  valid.   However,  the  authors, 
baarlno  in  mind  its  limited  scope  and  the  fact  that  the  profalaa 
of  unftozen  water  is  being  dealt  with  for  the  first  time  at  an 
international  conference,  considered  it  move  appropriate  to 
discuss  tha  ganeral  aspects  of  the  decrease  in  the  freezing 
tempamtura  of  water  in  soils,  but  not  to  investigate  in  delBlt 
other  questions,  each  of  which  constitutes  the  topic  of  a 
separete  report.  The  systematic  study  of  the  basic  laws 
governing  (he  Irt^c.-ziing  of  water  in  soils  was  begun  by  the 
authors  more  than  20  years  ago  in  N.  A.  Tsytovlch's  labonlMy. 
V.  A.  Obruchev  Permafrost  In<sutute.   Results  of  these 
investigations,  beglnnlrjg  in  >94S,  have  rapeatedly  a^'^oarad 
in  publicauens  ol  iha  Academy  o(  Soiancas  of  tha  USSR. 


PHASE  TRANSFORAMTIONS  OF  WATER  IN  SOILS  AND  THE  NATURE  OF 
MIGRATION  AND  HEAVING 

I.  A.  TyUTYUNOV.  V.A.  Otruehav  Pamatoat  Raaaateh  Instltuia,  Moaoow 


Tha  problem  of  water  migration  and  frost- heavlr>g  in  freezing 
■Oils  has  great  scientific  and  practical  importance.  Without 
elucidating  the  nature  of  water  redistribution  and  features  ol 
loe  segregation  in  relation  to  physical  and  chemical  properlle» 
of  rocks.  It  Is  Impossible  to  know  the  general  laws  of  forma- 
tion of  the  frozen  zor»  of  the  Uthosphere.   Without  studying 
water  migration  and  frost-heaving  ol  sea»or«lly  ito/<-n  soUr.. 
it  is  impossible  to  solve  such  problems  as:    Structural  bond 
formation  In  dispersed  systems  and  soil  stabilization;  stability 
of  structural  soils  and  protection  of  highways,  railwoys. 
and  airfields  froal  (rost-heavlng .  as  wnli  a?  piotactlno 
foundations  ol  light  structures  from  hooviRj. 

H  is  Impossible  to  consiticr  all  these  problems  without 
elucidating  the  physical  njtu.'c  ol  an  inundation  of  a  dispersed 
system,  which  by  itself  Is  important  for  solving  problexs  in 
regions  where  building  deformation  i5  caused  not  by  ice 
seoregjtion  but  by  soil  swelling. 

These  ideas  make  It  possible  to  work  out  physical  and 
Chemical  princlptos  far  combating  tha  bpst-iiaavlng  of 
soils  [  U . 

PHASE  EOUILIoRILM  OF  WATER  IN  UNFROZEN  SOILS 

When  interacting  witn  rockts  and  minerals,  natui.il  wfiier 
essentially  changes  Its  properties.    Being  .idMortx'c  on  .solid 
surfaces  as  a  film,  it  Is  subject  to  conpression.  which  is 
caused,  Ftenki-l  points  out  [2j,  ijy  fi  tr.insitlon  of  the  thermal 
kinetic  energy  o!  its  molecules  into  ,i  txiteniial  energy  of 
repulsion  forces. 

Film  water  is  held  by  solids  with  •sre.jt  force— about  tens 
and  hundreds  of  atmospheres  [3,  i,      ■    Bolng  a  q',iasi- 
crystalline  body,  It  ha s  geometrical  and  structural  compressi- 
bility.   Gconctricil  compressibility  rupiesonls  a  result  of 
shortening  of  interrooiecular  distance:  structural  compressi- 
bility is  cn.jscd  by  a  more  compact  packing  of  nol<?cules  l  6j  . 
That  is,  :n  compression,  the  translatlonal  motion  ol  water 
molecu.-i'fi  ir.  i  ut  st.mtially  lowered,  but  total  energy  is  not. 
By  wetting  a  ioliG  surface,  the  energy  of  Its  thin  film  in- 
creases: with  microfiEsures  it  is  "stored"  as  splittlrvg 
pressure  energy  17,,  though  wetting  Is  accompanied  by  the 
evolution  of  so.-nr?  hortl. 

A  w.itci- filrr.  thickness,  held  by  Itv-  surface  of  «  solid, 
depends  on  the  magnaudi!  o(  its  surl.^Cf  r.ufrqY-    Also,  the 
nearest  raolecules  are  attracted  most  by  the  surface  and  the 
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farthest  ones,  the  least.   Water,  on  being  subjected  to  the 
maximum  Influence  ol  a  surface  field  of  force,  assumes 
special  chiimical  .ind  physic-jl  piopi-iilcs  and  is  charactertaad 
by  a  dilfercnt  energy  st.ite  than  that  of  free  water.  Such 
water  is  usually  calleri  n  strongly  bound  water;  11  can  be 
estimated  qu.jlitatlvely  by  the  value  of  the  maximum  hygro- 
scopic water  content.    Because  of  special  chemical  ar>d 
energy  properties,  the  author  proposes  to  call  this  water  a 
boundary  phase  L  V.  f! ,  .    The  term  boundary  phase  was 
introduced  by  B.  V.  Derjagin  in  1950.  but  If  had  to  some 
extent  a  different  Tieaning. 

Liquid  wetting  of  a  solid  and  vap»or  adsorption  or.  its  sur- 
face are  conditioned  by  molecular  forces  in  the  broad  sense 
o!  the  word,  the  solid  ("substrate")  being  a  source  of  "a 
certain  field  of  adsorption  forces,  acting  on  adsorbed 
molecules"  [9].    Without  such  a  surface  field  there  can  be 
no  adsorption. 

Any  crystal  has  its  volum«  electric  (molecular)  field  which 
on  splitting  Is  transformed  into  a  surface  force  field.  The 
energy  of  the  latter  Is  half  the  energy  with  which  its  two 
crystal  parts,  formed  by  splitting,  were  held  togvhi  i  Con* 
sequently.  the  higher  thi;  cryst.il  strength,  the  highi-r  th« 
surface  Held  energy  ol  a  newly  split  surlace  will  be. 

The  concept  of  surface  energy  can  be  studied  through  the 
following  principles,  which  are  very  important  for  elucidating 
the  physical  nature  of  the  migration  process  [7.  8.  9]. 

According  to  A .  E.  Fersman  .bj  ions,  atoms,  and  molecules 
acting  to  form  a  solid  contribute  a  certain  proportion  of  energy 
In  creating  the  crystal  lattice.    Hydration  energy  of  ions  In 
dilute  solutions  is  ar.  approximate  characteristic  of  such  an 
energy  contribution. 

Ions,  forming  the  surface  of  a  solid,  preserve  an  unspent 
part  of  this  energy,  the  surface  energy  [7.  8].    The  higher  tha 
ion- hydration  ervergy,  the  greater  is  the  surface  energy  of 
surfaces  formed  by  them. 

Adsorption  capacity  and  adsorption  heat  are  determined  by 
a  surface  force  field  energy,  .since  the  work,  of  molecular 
forces  arises  ber:ause  o(  a  decreost;  in  surface  energy  ol  an 
adsorbirnt  l  9  .  . 

Water  ad.sorption  by  the  surlace  of  a  solid  is  caused  by  s 
Chamical  reaction  and  shows  as  wetur>g  of  the  solid  by  water. 

According  to  H.irklns  [4]  wetting  is  a  conjunction  of  two 
proccssits  occutTing  simultaneously:    A  destruction  of  internal 
bonds  between  water  molecules  and  a  formation  ol  external 
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bonds  of  water  molecules  with  solid  si^rlace  ions.    The  work 
ap«nt  to  danroy  int«niai  bonds  it  twice  th*  *ur(«c«  enMVV 
Of  t)w  auM 


to  ■  liquid  avaponUon 
llHttt  •  wattr  luiliM  and  tta 

11m  woritraquirad  ts 


fl) 


(tt 


Wettir.g  L->   ,otid  surface  with  water  can  occur  only  when  th« 
work  required  to  (onn  extemsl  bonds  is  greater  than  the  work 
required  to  dttttoy  IntaiBBl  bonds  and  tfw  diftenosa  balwaan 
them  IS 

*»-*d  '"se-  '"si  *  W 

Whan  <lw  rloht  ilda  of  (4  la  aaie,  no  naw  wattlnQ  aurteea 
oeetva  and  a  thamodirnanle  aqiilUkcfum  ts  attatnad  batwaan 


(4t 


In  a  particular  eaaa  tor  (3) ,  a  watting  anpla  •  nniat  ba 
1.  i.a. , 


WB-Wj-»„.(»^*a,,  eea« 


The  water  capillary  elevation  and  water  holding  ability  of 
natural  soils  depend  on  a  boundary  (these,  since  It  oovars  the 
surfaea  of  nliMnl  paitlelaa  and  Intaiaeta  dlraotly  with  feaa 
water. 

Free  water  adsorption  (volumn  ph.isi.O  on  a  boundary  ptaaaa 
resembles  solid- surface  wetting  and  Is  determined  by 

WB'^d'"»2.5-^»2.3*»3.5«»«  « 

Apfiarently  a  wetting  of  a  boundary  (jhase  surface  Is  not 
accompanied  by  a  break.ing  oi  bonds  between  tree  water 
noloeulast  thafofora.  In  (S) 


w, 


B 

"2.5 
"3,5 
"2,3 


Is  work  uf.ed  to  weaken  bonds  b<'tweirn  adsorbing  water 
molec  jles. 

Is  work  used  to  foiin  bonds  bvtwcji-n  the  (nundary-  and 
volume- phase  molecules  of  water. 

Is  surface  energy  of  the  boundary  phase  on  an  interface 
with  air. 

Is  surface  cnurgy  of  th<i  volu:nc  phase  (froc  water)  on 
an  interface  with  air. 

Is  surface  energy  on  an  interface  between  volume  and 

hO'jndary  ph-sses. 

is  wetting  angle  of  the  boundary  phase. 

Undoubtadly,  laianctloaof  a  boimdaiy  plwM  with  fraa  ^ 
ia  eauaad  Iqr  an  antapriata  lalliianaa  of  a  MUd 
Adaofbad  watar  on  a  toimdaty-fihaao  autfac 

lUa  watar  la  uaually  callod  laotaly-  bound 
,  It  would  ba  mora  Mnaet  «i  call  it  a  near- 
flwaaofwataroranombnmdciiiaaaoftoa  Llll 
It  oan  ba  auppoaad  ttat  a  apatial  eccidtnatlon  o( 
molaealaa  In  If  la  cloaa  to  lha  eowdlMtlon  of  nvlaotdaa  In 
aa  lea  unit  call. 

af  vaitoua  piiaaaa  of  tha  mU  ayatam  la  taau- 
far  varioiia  fMda,  including  gravity,  natural  alaeBo- 
maehaaleal  Onlda,  a»l  a  taavamtara  Oald. 

In  a  giawlir  flald.  othar  lUnga  baing  aquBl<  fraa  cr  vduna 

dnina  away  and  a  mlnbnum  ia  kapt  In  a  aoll  ayatam. 
It  la  kiHWB  Cl2]  that  a  aurfaca  anargy  »of  aena  phaaa 
on  chanMoat  potantlala  of  |i| ,  |i2>  l^a  eeoiponanta, 
taking  part  is  Ibnaatlon  of  thia  ptaaaa,  l.a. 

(« 


d»e.r,dj«,-rj4iij-r5ditj 


where  Tj  ,  T^.  Fj  an;  siirfaco  donsltlcs  of  the  components. 

If  an  UKorfac^  between  the  phases  is  such  that,  (or 
example.  th<i  oxc^ss  surfaoadanMtyef  tha  ftratand 
components  is  zero,  then 


There  is  a  similar  dependence  o!  surfaco 
interphase  electric  potential  expressed  by 

do  >  -  f  dV  {» 

where  V  Is  Interphase  electflc  potential  and  f  la  alaetMc 

capacity  of  the  surface. 

The  influence  of  electrochemical  fields  on  the  formation 
and  stability  of  a  near- boundary  phase  as  an  embryonic  phase 
of  Ice  is  especially  great  (Fig.  1) . 

In  an  equlllfarlun  state  oi  phases  in  the  soli  system 

•j  J  COS  a«  Oj  J  cos  8  *      ^  cos  Y  (9 

where  a.  $ .  and  y  are  wetting  angles  of  a  boundary  phase  by 
a  volume  phase,  of  boundary  phaaa  by  a  near-boundwy  pfaaao, 
and  of  a  near- boundary  phase  by  a  volume  phase. 

U  baeauaa  of  tha  Inftuanea  of  alaottcchanacal  fialda.  <9t 
la  unbalanead,  and 

«l  J  eoa a<(0|  ^eoafi^c^  ^  ooa ))  (14 

a  naai^botndary  phaaa  ineraaaaa  in  veiiaaa.  Whan  dus 

relation  exists 


'2.3 


cos  o  >  (Oj  I  cos  (t  *      ^  cos  y) 


(lU 


a  near- boundary  phase  decreases,  being  transformed  Into  a 
thin  fita. 

One  should  not  consider  the  influence  of  a  temperature  field 
aaparataly  froB Othar  fields,  excluding,  of  course,  the  be- 
ginning of  watar  CiyatalUsatlon.   Before  the  beginning  of  this 
process  the  temperature  and  electrochemical  fields  aaaantlally 
Influence  a  change  of  surface  energy  and  can  contrtbula  to  a 
volume  irtcrease  of  a  near- boundary  phase.  Whan 

3  cos  a  =       J  cos  0  (m 

and 

Cj  J  cos  a  <  Oj  ^  COS  y 


(lat 


a  near- boundary  phaaa  forma  bacauaa  of  a  volume  phase. 
Thua.  watar  in  aoll  ayatana  la  aaaantlally  changed  and  tha 
limit  of  thaaa  changes  la  a  dynamic  aqidllbniim. 


/•olld\  — ►  /boundaryV  — •  /neor- 
1  ^  f  bounc 
/        Vphasa  / 


^body  j 


^phase 


boundary  I 


/  vojunir  V 
I  phase  j 


This  equilibrium  la  a  wall-known  ralatloa,  datannlnad  fey 
A.  F.  Lebedev  [3]  and  oallad.  by  V.  I.  Varaadaky,  "a  phaaa 

equilibrium"  1 1 3]. 

(solid  \  —♦ /hygroscoplc\         /film  \  —♦/water  \ 
^watar  \iintiirf  ^dioplaty 


^/  iniiiiiif 


Fig.  1  .    Scheme  of  r.ear- boundary  phase  formation 

1  solid  phase;  2  bour^dary  phase;  3  volume  phase;  4  neat- 
boundary  phase;  and  S  air 

02  3  surface  energy  on  the  Inlorloco  of  boundary  — volume 
phases:  '3,5  surface  energy  on  the  Interface  of  air  — volume 
phases:        ^  surface  energy  on  the  Interlace  ol  boundary- 
near- boundary  phases;  93  ^  surface  anaigy  on  dia  tntarteoo  Of 
volume— near- boundary  phases 
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Depending  or.  '.he  inf.utTice  of  electrochemical  lields. 
wat<-;  rrysi.iih/n-.jor.  a.-;  affected  by  Ut*  Miiipamtura  Omid  My 

bo  cJi!lcf«nl  ill  Xtmo  tsr^  apace. 

Before  water  Ireezes  it  mu.-.t  fc<     j..  :>   olea:  this  is  con- 
nected with  the  difficulty  of  (oiming  ai.c  dt-velcpjrjj  sUuctural 
aggrogatp?  .  n  mr: l.-r  j.ar  sp^iiial  coordination  that  is  s.nila:  to 
the  molecular  coordination  o!  an  Ice  unit  cell.    The  oiiQin  ot 
such  a  coordination  is  equivalent  to  a  rry  .tn llr;[  hiTuc-rtl  trans- 
formation; In  pure  water  it  is  c.msed  by  hy;lrn-jrr.  (.ttitons 
■•vhich  arc  charjctenzed  by  a  tunnel  effect  l  14,  .    Ai.  in  frM 
water,  iiripurr.ies  appc-jr  33  niner.3l  porticU'?  .ir.:i  -j.-i^t 
crystals;  nucleaiior,  tenr.jrature  and  ice  turrratj^r.  rjte  both 
increase,  other  thims  being  equal,  since  impurilios  produce 
eiectiocr.e.Tiicai  fields  that  fadUtate  nuelattlon  and  Mpsntton 

of  a  near- bc'unaary  >  hase. 

The  role  of  solid  panicles  Is  essentially  ch.-ir-a'' 1  1 3  -icon 
as  they  become  a  dispersed  mediuT.  and  the  watar  bocomos  a 
dispersed  phase.    In  these  syste  ms  solid  particles  interact 
with  the  water  collectively,  forming  a  total  force  field  system 
and,  .IS  mentionuij,  treinsfom  it  into  ti-ian J.iry .  near-boundary, 
and  volume  phases,  thus  lowering  the  ice  formation  temp-era- 
turo.    However,  now  it  Is  related  not  to  difficulty  in  develop- 
ing a  nucl«us  of  sufUciertt  size  but  with  a  total  change  of 
water  «nM9y  condltlona  [  ISl . 

WATER  MIOmnON  IN  FKEZIMG  SOILS  AMD  nOST-HEAVDIG 

Watar  mlgiatlpn  and  froat-beavlng  of  soils  ara  related  to  lea 
■agragatlon  and  volume  tneraase  of  fraaaing  water  liy  9%. 
Howavar.  loa  toraation  doe*  not  alwaya  cMuaa  watar  mliSfatiofl 
in  fraaslng  aula  and  their  frost* heavlnai 

Watar  ladlambuuon  in  cooUng  soUa  la  condltionad  by 
llMlr  ftaatlns  fata.  Ihe  lower  an  amtalaat  temparatuia ,  tha 
nKwa  watar  ia  fmaaa  en  tha  ipot  and  tha  laaa  ftest-heavinv. 
Howavar.  an  axpaflatant  ahcwa  that  aoiaatlmes  intensive 
watar  radlatilbutlen  and  fteat-haavlng  of  aoiu  begin  otUy  at 
vary  low  tampamtivaa.  Htua.  aoma  watar  radlaMbutlon  in 
baaxlnv  lOUa  la  dataimlftad  by  •  phasa  aqulUMuia  dtitwrt^ 
anee  in  than,  and  Bdgiation  iinanalty  dapanda  on  tta 
laaimatlon  apead.  Slnca  aqulUlnliiin  dlatwhanea  la  eauaad 
(liat  by  tnnafpmatlan  of  Oia  naav-boundaiy  phaaa  Into  loa. 
tha  duration  of  an  wibalanoad  am*,  taaaldai  tampaiatura  and 
watat-eonlent  gradlanta.  dapanda  on  giadlaata  of  other  flaJdi. 

In  ravaraibla  loa  aagragatlon  tha  dittiirbad  phaaa  aquiUb- 
rturn  la  inalantly  raalorad  aa  a  laattlt  of  diraet  tnlanetlon 
batmraan  lea  and  boandaiy  phaaa.  in  all  ethar  oaaaa  aoma 
raduedon  ot  tha  eiyatalUalnB  watar  aurteca  praeadai  a  mieio- 
eryatal  foraatlon.  If  tha  foratad  mieiDotyatala  on  thair 
aurCioaa  baar  chaiffaa  Uk*  tbeaa  of  tha  bouadaiy  phaaa 
aurfaea,  a  lurthar  ahlft  of  tha  ambiyontc  phaia  will  depend 
on  Ita  fonaatloik  rata  and  tta  alabUlty  ia  tha  formed  electio- 
ehaaloBl  ftolds.  Whan  tha  latea  of  a  naar-boandary  phasa 
fataiailOA  and  the  rate  of  ita  ttanaiotaatlOB  Into  loa  aia  a^ual, 
aquUllalun  Is  rapidly  raalotad  and  tha  ttaaalng  aoila. 
IrwepacUaa  of  dagraa  of  wattlnB  and  poaattUlty  of  watar 
InHow,  aaauMa  a  naaalva  atnictm,  chanctarlatle  of 

In  aoU  whara  tha  apaad  of  a  naar- boundary  phaaa  fdcatttlen 
exoeads  the  speed  of  Ita  tianafusiatlon  into  ice  but  le  stable, 
equllibrluiB  restoration  oecurt  slowly,  which  causes  a  IomI 
water  redistribution  and  ice  segregation.  In  such  conditions 
(fost-heavlng  is  usually  negligible,  even  if  there  is  a  water 
Inflow. 

Freezing  of  the  soil  systems  has  a  specific  charaetar  whan 
a  near- boundary  phase,  (ormed  rapidly,  is  very  unslabla* 
Instability  of  a  near- boundary  phase  Is  caused  by  a 
continuous  and  apparently  rapid  ohanga  of  thla  phaaa  to  an 
loa-  segregation  zona. 

Thus  duration  of  an  unbalancad  state  of  a  soil  system 
depends  on  a  speed  of  spatial  shift  of  a  naar- boundary  phase. 
Any  disturbance  of  the  phaaa  a^ulllbfiuffl  is  due  to  the  surface 
energy  change  on  the  Intarfsca  between  the  phases.  The  shift 
of  a  near- boundary  phase  Is  caused  by  a  &ee  surface  ervergy 
9iadlant.  lha  laiyer  this  gradient,  tha  slower  the  equlUbrluin 
la  laatorad  which.  In  eaaa  of  watar  Inflow,  oauaea  an 
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accumul.iilon  ol  great  qusrititie;.  ot  ice  and  Intensive  soil 
frost- he.ivi  rid , 

The  concepts  presentc-i  here  ^Avt^  twen  tested  experimen- 
tally, to  some  exfer.t. 

Kncrcjy  of  wc'.firsj  and  the  Tu.jntity  of  '.vatcr  odsorbcd  on  the 
surface  of  a  solid  depend  on  the  va.  i..  "f  the  surtece  enei9y< 
which  IS  tictcrrr.ir.ed  by  the  kind  of  surface  ions  [b]. 

Surfaces  formed  by  multivalent  ions  are  characterized  by  a 
large  surface  energy;  Those  formed  by  nx>rx>valent  ions— by  a 
comparatively  small  surface  energy. 

Methods  have  not  yet  been  found  for  directly  determlmrvg 
•he  surface  energy  of  solids  ( i ry;  1  udl r.-:;  loe) .    However,  the 
surface  energy  ol  a  solid  can  be  subsiar.tially  i  hanged  by 
substituting  ar>othcr  kind  o(  su:(a<  e  ion  h8'.'i:>q  atiothct  <-n<-rgy 
level  [6  .    If  in  this  substitution  some  ot  the  I'lr.s  produced 
anexcf--;  ■■..ifat-r  ti  nslty,  in  accordance  with  (4)  thi' change 
ol  surface  lir.erjy  is  a  function  of  the  change  c'  chfnic.il 
potentials  of  the  components  on  the  i:iterlai;e.    l.-e  surface 
<>n>-rgy  can  be  changed  both  by  adding  a  salt  to  the  freezing 
water  or  by  chan0ljiB  watar  eryalalluing  apaed  dlieyand 

b^'low. 

At  ".he  V.A.  Obruchev  Pcrm.ilrost  Research  Institute, 
special  investigations  of  the  influence  of  various  cations  on 
Ice  segregat.or,  and  frost- he.T.'ing  were  made.  Experiments 
s.how  tha!  the  saturation  of  soils  by  rrs'ultlvBient  cations 
intensifief.  water  .nflow  into  the  soil  and  its  tio&t- heavlnff. 
In  contrast,  saturation  of  soils  by  monovalent  cations 

waakana  thoaa  piaoatiatC  l ,  16l .  Mao.  tha  nwto  dlffnanea 
ia  the  atruetioe  of  tha  fonalns  iea  haa  bean  found.  In  soila 
aatniatad  by  multlwalant  cationa  water  baaalng  baglaa  wltt  a 
gaaeiatlon  of  numareus  mieiociyatela.  which  atletwards  ais 
fbmad  nnder  eondlttona  of  a  aiutaally  eoaipfaasad  giewth  and 
aaauna  a  naadle-ahapad  form,  at  laaat  In  tha  initial 

In  aoila  aatuiatad  by  sMnovalant  oatlona  lea  ciyaiala  ara 
laivar  In  aiaa  and  grew  in  a  haaal  plana  Cl7] . 

lea  cryatal  tomwtion  la  acooovenied  by  new  intarfacaa. 
Further  wetting  of  those  intarfaoas,  i.e. ,  an  added  watar 
laflow,  proeaada  Intonaivaly  alnca.  other  thinga  being  e«ial. 
it  ia  datermlaad  by  tha  ralatlan 

here  tj^  ^  :s  a  surf.icc  onoiyy  o[  the  ice  on  ar.  ir.tiirf.^ce  with 
air  rir.d  9^  ;s  thi'  wetting  angle  of  the  IxiTjr.aary  phase  by  a 
near- fjout.diii y  phase. 

II  soil  Ircezltvg  occurs  simultaneously  with  mmeraloglcal 
tronsform.jtlons  and  Is  accompanied  by  new  cr/Hta.Une  and 
poorly  crystallized  bodies,  a  specific  surface  ettergy  of  the 
new  phases  {Oy   )  i s  part  Of  the  first  term  on  the  left  Of  the 

inequality  (14)  .'I.e. 

<<'2.5  '  "6,5  •  "/.S*  -  <»2,1  '  ^.5 

Experiments  made  it  poeslbia  to  aaauBM  that  lea  aarfiea 
energy  ia  higher  In  aoila  satuiatad  by  nvltivalant  eattona  than 
in  soils  satuntad  by  aionovalaat  eattoaa.  Raia  wa  maan  a 
apeeltlc  surface  aneigy  that  haa  been  oonflmed  by  laboratory 

investigations. 

Indeed .  water  crystallisation  la  aceeaipanlad  by  vatleua 
electrical  potentials  differing  in  value  and  aigni  ban, 
depending  on  a  composition  of  dissolved  roatarlala.  MM  ica 
can  be  charged  either  positively  or  negatively  witfi  laisraBna 
to  tha  water  [l8,  19]. 

Highest  potentials,  maaaured  sometimes  by  doxana  of 
velta.  occur  at  a  high  speed  of  water  erystalllEatlon  [20]  and 
during  the  freezing  of  dilute  solutions  of  salts  with  nonwalant 
cations.  This  was  oonflnned  by  appiopnata  lnvestl«atlona  at 
the  V.A.  Obnichav  InsUtute.  tn  the  crystatllsstlon  of  diluta 
solutions  of  salts  with  multivalent  cations  there  oeeur  con- 
siderably  lower  potentials.  The  sign  of  the  iee  aurfaoa 
charge  depends  on  the  nature  of  the  ieaa  lalaetlvely  abeerbad 
by  ice. 

From  this  statement  wa  can  aee  that  a  surface  energy 
gradient  In  fraeslng  soils  dapanda,  to  a  greet  degree,  on 
gradionta  of  chemical  and  alaetzlcal  fiaMa. 
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At  a  greater  soil  beezlng  apeed  (when  water  crystalliza- 
tion la  aooompanied  tay  conalderabla  interpbaae  electrical 
potential) .  a  direct  interface  between  formed  Im  and 
toundaiy  pbaae  la  eatablished.  The  surface  energy  o(  such 
tiMarfkeet  la  mliiUBal;  it  la  determined  by  the  difference 
^2  S  *  'c  ^  and  la  the  baaia  o(  this  fact:  That  the  moving 
Core'e  of  iM  aOgiMlon  piDeaaa  la  aam  or  «waa  a  naaatlva 
value,  i.e. 

At  a  zero  gradient  the  water  Is  frozen  In  place;  If  the  gradient 
la  lower  than  zero,  tha  water  la  aqaaaaad  out  Into  tnnaar 

parts  of  the  soli. 

Monovalent  cations  weaken  the  water  Inflow  into  freezing 
aoUs.  These  ions  decrease  the  surface  wMtgy  of  solid  phaaaa 
aad  larraasn  the  surface  enervy  of  a  water  near-  boundary 
plhsaatl].  causing  minimum  driving  force  In  the  migration. 
Hare  a  naar- boundary  phase  formation  speed  can  be  high,  taut 
in  newly  Caraied  physical  and  dwmleal  oondltkma  tha 
naar- boundary  phase  is  stable. 

Honheavlng  soils  have  been  considered.   However,  a.-'iy 
nmilMavlng  aoil  can  beoosie  a  heaving  one  if  physical  and 
dbaaUeal  conditions  are  changed.  SaturaUon  of  a  nonbeavtag 
aoil  by  muluvalent  cations  transforms  It  IMo  a  heaving  one. 
During  freezing  of  such  soils  intensive  water  Inflow  and  maxi- 
mum trost-beavlng  are  observed,  because  multivalent  eatlona 
InenaaM  aorllMa  energy  of  solid  phases  and  decrease  surteea 
•nargy  of  a  near- boundary  phase.  In  such  oondiuons  the 
•pe«d  of  near- boundary  idiase  formation  Is  high,  but  the 
naar- boundary  phase  is  unstable;  this  is  due  to  the  high 
value  of  the  moving  force  of  migration . 

Water  migration  in  freeslng  soils  can  be  intensified  If  the 
ttansformatlOB  at  a  near- boundary  phase  into  Ice  Is  aooosi- 
penled  by  compaction  of  mineral  particles  In  one  place  and 
formation  of  dehydrated  surfaces  of  fracture  at  other  plaoaa 
C 10] .  Fiactwa  surfaoaa  in  fteealag  are  fbnnad  In  a  certain 
vacuum  aad  tharafora  ai9  eiiaraetaflxad  by  inoraaaad  surface 
energy.  The  more  sud)  toetura  wflaoaa  «•  foniad  (ba  loager 
a  comparatively  large  gradlaot  a<  a  iiufaea  anaiyy  laaiaina; 
and.  tharafof««  migration  proceeds  movt  intanalvaly. 

Aa  nanllonad.  froat-baaving  of  froaslng  aolls  Is  mUted  to 
■IgnttoB  Inltnalty.  Its  value  Is  detanalned  by  the  quantity 
of  aeetiBnilatad  water  and  depends  oa  an  added  molstuta 
eapaolty  eonparad  with  a  thawed  atata.  which  la  datarailnad 
br  tha  oonplax  of  "cryogenic"  piecaasaa,  I. a. .  tha 
^nsaiaafl  oeeinlng  at  or  balow  lan. 

A %ntar  naaa  ttiat  la  kapt  eo  a  iiatt  surface  of  a  solid. 
Imspaetlva  of  a  gravity  effect.  Is  conditioned  fay  tha  aurfacc 
•netgy  of  the  solid.  Conse«iuently.  the  water  content  tw^)  of 
a  thawed  soil  is  a  function  of  Its  free  surface  enaigy. 

W^"f(Fj  (17) 


where  Pq  >  oSj,  and  Sp  Is  the  total  surfece  Of  all  mineral 
panicles  in  a  given  volume  of  soil. 

The  Increased  water  content  (W.)  (during  the  freezing  of 
this  soil)  depends  on  the  total  number  of  nmrtf  fanaed  Inter* 
faces  (S.)  that  determine  added  free  surface  energy  (F|):  i.e.  , 
Fj  '  "i^i  ■  *'here  Oj  Is  the  total  surface  energy  of  newly 
(onaaa  surfaces  of  loe  and  other  (cryogenic)  minerals,  as 
wall  as  firaetura  aurfaoaa. 

Tbua.  tha  swxlmum  haava  valva  of  a  Iraaaliia  aoU  (H)  la 
gtvanby 

H  >  f  (w^  4  w,}  >  f  (r^  «  Pj) « f  (rt  (IS) 

When  a  direct  ir.tt>rf-ire  is  established  between  the  formed 
Ice  (or  other  miner       ,  \:o  :M.:i<>merjt  o(  a  new  ir.terface  occurs 
and      :  0.  At  tha  same  time      decrease*  in  conformity  with 
(16).  Therefora,  inataad  of  haava.  a  alvliikaga  may  ba 
observed. 


OOMdVOOllS 

toll  ayatana  fom  andar  tha  inauanea  of  a  ohaiaeal  faaetum 
batsraan  rocks  aad  water,  baoausa  of  their  aatval  mnaiotaa- 
tlon!  ehanetiff atle  o(  thaaa  ayalana  la  an  a«Hlllbiliiii  atata 
banraan  solid  phaaaa  of  tha  ailnaral  pact  and  Uquld  ptaaaaa  of 
thavmtar. 

Olsturhance  of  Oils  aquUlfetltan  ceusos  water  radletrlhutlon 
in  a  sell  ayataa.  A  gndlant  at  a  iraa  snrbca  anaivy  la  Waa 

driving  foica  ol  nd«mtlon. 

In  thawed  solla  the  disturbance  of  e^llbrlum  as  a  rule  la 
nagllglble. 

In  freezing  soils  the  disturbances  are  oauaad  by  a  segre- 
gation  of  new  phases  that  substantially  changa  a  baa  aurtooe 
energy  gradient— an  intensity  factor  of  the  oUgratton. 

The  duration  of  an  unbalanced  state  of  a  soli  system  Is  a 
display  of  a  capacity  factor  that  depends  on  the  foraiatlon  and 
stability  of  a  near- boundary  phase. 

If,  under  given  conditions  of  ice  segregation,  tha  rate  of 
a  near- boundary  phase  formation  is  smaller  than  that  of  its 
transformation  into  Ice,  no  water  migration  Is  observed;  and 
the  freezing  soil  not  only  doas  not  heave  but  often  contracts. 
Whan  rates  of  formation  and  cfystalUzation  of  this  phase  are 
a^l,  which  Is  related  to  Its  stability  In  given  conditions, 
soil  fraazlng  occurs  without  ftost-heavtng  and  contraction. 

Whan  a  naar» boundary  phase  formation  rate  is  larger  than 
tha  rata  of  Its  ttansformatlon  into  ice,  soil  freezing  is 
accompanied  by  a  large  heave. 

The  Immediate  tasks  for  study  of  water  migration  end  frost 
heaving  of  soils  are:    (a)  Evolving  methods  fOr  direM  deter- 
mination of  surface  ertergy  of  solids  and  loe  and  iH  elucidation 
of  problems  Of  iho  onsigy  state  of  adaorliad  watar  and  Ita 
structure. 
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DIRCVSSION 

R.  D.  MILLER— On  the  whole.  I  find  myself  sympathetic  to  the 
thoughts  that  Inspired  this  p^per.  but  prefer  to  think  of  the 
fihonoin<^na  In  a  different  frame  of  reference.    I  believe  thiit 
thi:  Ixjundary  phase  associated  with  clay  .T.inerals  is  primarily 
1  n,' nifostotlon  Ol  n  d:'.i\.sp.  t>lectrlc  doublf  layer  that  IS  fairly 
vjc.  described  by  the  Oouy-Chapman  ."nodol.    It  l.-i  .-/ot  clear 
(to  me)  how  Tiiich  thn  propi.Tlirs  of  the  boundary  pha.si"?  are 
determined  by  phenomena  that  cannot  In  t.jrn  U-  troctrj  directly 
to  the  double  layer  electric  field     An  Int.iltlve  interpretollon 
of  known  properties  of  the  double  layer,  however,  suggests 
that  the  functions  of  the  boundar/  phase  (or  jnfrozen  film)  In 
lens  growth  would  be  cnharx:ed  by  monovalent  exchiingeoble 
cations  as  opposed  to  divalent  in  the  region  ol  ice  form-itlon. 
On  the  other  hand,  one  would  anticipate  that  water  migration 
ti:i::j';.'i  unfrozen  soil  toward  t.he  ice-lens  wo'jld  be  hampered. 
The  net  effect,  then,  would  dep«nd  uix>n  which  process  was 


limiting  in  any  particular  case     ITie  •  ffect  of  divalent  Ions 
mentioned  by  Tyutyunov  was  to  erjiarci?  heaving.    I  think  this 
15  an  effect  on  the  hydraulic  conduc'ivLty  ct  unfrozen  soil 
rather  tiian  an  effect  on  the  boundary  ln,yer  next  to  the  lci»-lens 
as  Tyutyunov  apparently  believes.    Unp u b.i sn..- J  jJis 
obtained  ir.  our  laboratory  by^Pieter  .•^i^ekslia  s.iow  that  sub- 
stitution of  exchangeable  N«    lot  Ca      on  glns.i  t)«»ad5 
increases  the  rate  ol  heave  ir.  an  experiment  of  the  Corte 
config  .ir.itlon,  where  the  b«ads  rest  OH  Ml  Im  WltST 
Intarfac*  th«t  propagates  upward. 

CU08URE 

The  ostanca  of  n  y  .uiu.  lo  was  to  establish  the  possibility  of 
regulating  the  m-v.r^  force  of  water  migration  In  freezing  soil 
by  the  change      -.he  composition  of  tha  MiaOtfaad  WtlOaB  la 

the  adsorbing  complex  of  the  soil. 

Soil  swelling  in  the  last  analysis  Is  the  consequence  o( 
water  movement  into  the  lorve  of  crystallization  and  freezing 
there. 

In  freezing  soils,  water  migrates  until  the  border  phase  is 
a  special  water  phase  characterized  by  comparatively  high 
surface  energy.   A.s  .loon  as  the  border  phase  changes  Into  the 
"double  dlftusjon  l.iyer.'  w.:>ter  dissemination  .slowly  reuses 
and  It  begins  to  freez*^  In  pLice.    Here  are  r^'O  examples: 
Highly  dispersed  f.oils  ol  montmori I  lonite  composition  arc 
ba.'ilcally  characterized  try  particles  lormirvg  a  double  diffusion 
layer.    These  soils,  however,  are  nor.swellirvg .    At  the  same 
time  soils  ol  kaolinitic  composition,  with  a  negligible  quantity 
of  colloids,  and  a  basic  mass  of  their  p.:rt.r.ei  ,  do  not  form 
a  classic  double  diffusion  layer  and  represent  typical  swelling 
sol  1  s . 

In  other  words  the  properties  of  the  border  phase,  like  the 
moving  force  of  migration,  cannot  be  deduced  from  the 
properties  of  the  double  diffusion  layer  of  colloidal  particles. 
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2.  A.  MCMS80VA  -  Ftotm  Gfouad  RwMweh^lw  qjuesttOM  of 
phsM  ooapMltioii  and  iranaltlou  oi  wM*r  are  very  laportMt 
to  III*  tfiaocy  and  pnetlo*  of  ptnMfroM  niseardi.  Moot  mpecto 
oC  iblo  leaalon  tiMMd  tho  jmocooooo  of  waMr  firooilng  In 
soils  and  the  related  phenomena  of  water  nlgratloa  and  froot- 
hoovlng.  Tha  data  and  essential  ooncluoloiis  an  very  tnier- 
atttans.  Of  troat  Uiportanoe  are  the  quaUtaUtW  oeil  peculi- 
aritiaa;  Itaa  ■Inataloglcal  and  cfaaaUcal  eenpealtlaa  of  tbair 
eUy-toctlan,  Fbyaloochaadoal  gra^toa.  Mora  tiian  M  yaara 
age  Stophen  Taber  polatad  out  and  pngvad  axpariaantalfy  diat 
Qw  affinity  to  mtor  of  all  aoUd  ptaawa  at  aoila  (Includbig  ton) 
waa  very  Important  In  Iha  nlgratloa  proeaaoi  Tha  awpeHawnta 
ourlad  out  in  our  labcranry  proved  that  tha  untroaan  wtlar 
ooatant  to  tteuan  aotla«  Mm  slgratlen  of  walar.  and  frMt> 
hoavlav  wara  dapandant  on  dwir  alnaralegtoal  and  phyatoo- 
daaiieal  pocuUarlttoa. 

It  la  wpll-known  thai  aoila  oontainlnt  iMntannllanlta  aa 
Iho  clay  mineral  ara  nonheaviat  and.  In  tha  oaa«  of  kaoUnlto, 
«ivo  gnat  ftoat-kaavtag.  HOwavar,  aa  alMwn  aiunrtmantaUy, 
if  Mia  aindianga  oatlona  am  aHilttvalant  (eaieluai.  Iron).  Miara 
ia  alwaya  intanatva  walar  mlgntlan  and  froat^wavlao  hi  ment-^ 
aMrlllontto  clay;  with  monovalant  aM^Maga  cationa  thara  ara 
no  Buoh  prooeaaaa .  In  kaollnito  elay  twith  dllCamnt  axchanoa 
eationa  ttae  dlaperetty  and  water  ivopertiaB  ara  allka;  hut  by 
fraaalng  to  ooodltlona  of  'open  aystma*  hi  tha  oaaa  of  amltl- 
valant  aitehaafla  eatiena«  thara  ia  laleRalwa  watar  nilgnitton« 
iea  aegragation,  and  froat-liaBviiiV,  Monovalant  oattona 
Caodiua.  potoaahMl  laad  only  to  radiatrlhutlon  of  tha  praaant 
watar.  It  ia  cauaad  hy  tha  tnfluanea  of  axolianaa  oattona  on 
the  stwfaoe  energy  of  the  soli  slwlaton.  Ihna  Mm  phaaa  eon- 
posltlon  of  water  In  froaen  grounda,  ita  ttanaltiona,  and 
migration  by  freezing  are  eaaantlally  oondltlanad  by  the 
qualitative  pecullarltlaa  of  tha  mlnaral  atolaton. 
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D.  M.  JUfDERSON  -  Latent  Haat  of  Raosing  Soil  Watar-ln  lha 
oalortmatrlo  deiermlnation  of  amounts  of  soli  watar  ranalnino 
unftosan  at  various  tanperaturas.  it  has  been  widely  aaaumad 
that  tha  latoat  haat  of  fraaatag  oaa  ha  taken  aa  that  of  aa  ordi- 
nary leaHimtar  sbitura  Cl  to  S].  Altfaougb  Williana  and  Kolalan 
and  law  adopted  thla  essuaiptloB,  Miay  questioned  aoma  of 
Ita  aapects:  Willlama  called  partlouUr  attention  to  the  (act 
that  aoil  walar  exiau  la  a  lownr  energy  atoto  than  doaa  oorawl 
watar  aa  avldeneed  by  tha  evolutton  of  haat  whan  aeUa  ara 
wetted.  Con<iirier,  at  the  freezing  polal.  Mm  transitions 


"2°  (vapor)         .  ""^  tll».U«  SslJ^Z^  (in  aoilj  (» 

In  these  transitions,  lha  aubscripts  denote  the  state  of  the 
water  and  the  transitions  nay  be  regarded  as  changes  In  stato 
(they  may  also  be  regarded  as  phase  changes);  AHy  Is  the 
latent  heat  of  oondanaatlon.  Q«  ia  the  dtffarontlal  heat  of 
adaorptioo,  and  Qw  la  tha  dlfierantial  (not  tha  InlagraO  haat 
of  wattiag.  Hata  a  poaitiva  alga  ladtoaMa  haat  ia  avolvad. 
If  0«  and      ara  datanainad  at  oooatant  praaauro  and  la  aueh 
a  way  that  no  work  ia  dona  other  Oian  that  due  to  expanaion  of 
wator  agalaat  atmoapharto  pmaaiire,  and  If  ttte  initial  and 
final  atotea  may  be  regarded  aa  tbe  aama  to  (11  and  (2),  by  tba 
firat  law  of  theimedynamloa  Q^  "wy  be  regarded  an  equal  to 
AHy  plua  Qw 

Consider  next  the  froeslng  of  soil  watar. 
(vapor)  -^«20  (in  «,il}  -^UHjO  O) 
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rig.  1 .  Heat  o(  freezing  of  A  iUfr  in  Wyoming  bentoniW 
puUKt  from  (7)  «nd  the  dau  ot  Mooney  et  al  [7j 


"2*^  lUi  soil) 


l«,Ild) 

With 

"2°  (vapor)    ^'*»  (mud) 


AH, 


2  (soUdl 


(4) 

(9) 
(6) 


0(  IS  iho  heat  of  freezing  soli  water,  AH3  is  the  hoat  of 
condensation  from  the  vapor  to  the  solid  state  (the  opposite 
of  the  heat  of  nibUMUon)#  «IKI  AHj  It  dW  IllMIt  llMt  Of 

freez  mg . 

Assuming  that  soil  Ice  has  the  same  aystall'/jgraphlL:  struc- 
ture as  normal  let:  and  that  it  excludes  solutes  and  foreign 
subslonccs  as  It  ircczcs,  sc  thai  wo  may  regard  the  initial  arid 
final  states  of  (3),  (4).  (S),  and  (6)  as  t>einig  the  same,  it 
ibUgwa  that 


0^  +  0,. AB, 


(7) 

(8) 


Now  It  Is  well  establishod  that  both  Oa  '^nd  Qw  con- 
tinuous functions  of  the  soil  water  content.  Increasing  with 
decreasing  soil  water  content  in  a  roughly  exp>cnentlal 
fashtorj  [7,  8J.  This  being  so.  It  follows  that  Of  must  in 
genti-ral  be  -tmaller  than  AHj,  the  dlKitreric:..-  becoming  more 
and  mote  pronounced  at  lower  and  lower  5011  water  contents 
(or  at  lower  unfrozen  water  contents) . 

If  Q.  or  Ov»  Is  known  as  a  function  of  soli  water  content, 
(7)  and  (6)  permit  one  to  estimate      for  that  soil  at  various 
unfrozen  water  contents.  This  Information  Is  available  for  a 
number  of  soil  materials.   For  example,  from  heat  of  desorp- 
tlon  data  for  Wyoming  bentonlte  [7]  and  (7),  the  decrease  tn 
Q^,  as  the  amount  of  unfrozen  water  In  the  clay  diminishes. 
Is  shown  In  Fig.  1  .   (The  differential  heats  of  desorptlon  were 
determined  at  about  lO^C.  The  comparison  would  perhaps  be 
more  satisfying  If  they  were  available  at  the  actual  tempera- 
ture of  freezing;  the  error  In  this  comparison,  however,  is 
certainly  small.)  Here  negative  values  of      mean  heat  must 
be  supplied  to  freeze  the  loU  water  and  positive  values 
Indicate  that  heat  will  be  evolved  on  freezing  .  for  Wyoming 
bentonlte.  the  transition  from  negative  to  positive  values  of 
Q|  apparently  occurs  at  a  water  content  of  about  10%. 
Assuntng  that  this  water  is  uniformly  distributed  over  the 
anomoua  aurfaea  aras  of  Wyomtng  bantontle 


(6x10°  sg  cm/gm) ,  this  cooasponds  roughly  to  a 
motiomolecular,  IntarlaoMllar  layer. 

This  arvument  clearly  establishes  the  fact  that  aooie  of  the 

water  present  in  Wyoming  bentonlte,  and  generally  in  all 
soils,  will  not  freeze  In  the  ordinary  sense  of  the  term.  This 
finding  also  results  from  considering  adsorption  Isotherms  for 
water  vapor  on  clays  and  soils.  Mooney  et  al  [7]  report  that 

at  0°C  Wyoming  bonton;le  with  a  water  content  of  10%  has  a 
water  vapor  pressure  of  only  1  .1  mm  compared  to  4 . 5  mm  mer- 
cury for  Ice  .   Obviously  ice  is  not  the  most  stable  form  for 
this  clay-held  water.    Sl.Tillor  conclusions  ate  reached  on  the 
basis  of  (3)  and  heat  of  l.T.merslon  data  [8,  9,  la]. 

The  caticluslon  of  fig.  1  Is  obvious;  the  heat  of  fusion  ol 
soil  water  must  always  be  somewhat  low«r  than  that  of  |nm 
water:  the  difference,  although  different  lor  every  soli, 
becomi-s  larger,  the  lower  the  unfrozen  soil  water  content . 
Attentior.  IS  thus  directed  to  the  necessity  of  experimentally 
verifying  this  conclusion  and,  If  It  is  found  to  be  correct,  of 
determining  the  heat  of  fusion  In  representative  soil  water 
systetr.y.    Since  (7)  and  (8)  are  based  on  the  supposition  that 
soil  icc  Is  no  different  than  normal  ice,  it  is  l.tiportant  also  to 
seek  cxporimcnta;  verification  of  this  assumption. 

Martynov  Mi;,  on  the  basis  of  an  X-ray  study,  Indicates 
that  this  sujjpositijn  Is  true  but  additional  work  is  desirable. 
It  m-'iy  be  found  that  the  Ice -water  Interfaclal  energy  and  the 
CKurqy  of  clay  lattice  expans.:.  !;  jnd  swelling  need  to  t>e  con- 
sidered, although  at  pre.ieni  these  considerations  are  thought 
to  t>e  of  minor  importance:  in  any  case,  Ihoy  do  not  affect  the 
main  conclusion  of  the  preceding  argument.    Meanwhile,  the 
assumption  of  a  constant  heat  of  fusion  equal  to  that  of  normal 
ice  In  calculating  amounts  of  unfrozen  water  in  soils  from 
calorlmetiic  data  must  t>e  regarded  as  yielding  erroneous 
results.   Comparisnr.  ol  the  areas  under  the  curves  in  Fig.  I 
indicate  the  probable  .•nagnitude  o!  the  error  In  the  case  ot 
Wyoming  bentonlte.  It  Is  evident  from  Fig.  1  that  conventional 
computation  yields  loo  much  unfrozen  water;  the  errcx^,  while 
nevUtible  in  soma  Inatanoas.  toacomaa  larger,  the  lower  the 
'  ooniant  of  ita  aaavla. 
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SESSION  V 
THERMAL  ASPECTS 


REUTION  BETWEEN  MEAN  ANNUAL  AIR  AND  GROUND  TEMPERATURES 
IN  THE  PERMAFROST  REGION  OF  CANADA 


R.  J.  E.  BROWN.  Division  of  Building  Ramarch.  National  Research  Council.  Canada 


ClIMtt  U  basic  to  panaateM  tentttlan  and  la  a  neat  inpur- 
tanl  iador  Influanelng  dw  aadalaiiiea  of  thla  phanonanon.  Of 
all  dlaatle  faetara,  air  Maparatara  la  tha  ngat  laadllr  awu- 
utad  and  la  anat  dlracUr  mlatad  to  gnnnd  haat  toaa  and  heat 
gain.  Ofaaarvatlana  In  Canada  and  ethar  eeun&rlaa  ladleata  a 
fefoad  talatlan  batwaaa  aaan  annaal  air  and  gramd  tonpara- 
tmaa  la  panaatoat. 

Many  Invaattgaiora  hava  aatiaiatad  tfaa  aaan  anniMl  air 
taapafatura  faquliad  lo  pndooa  and  aialntaln  panufroai  [1]. 
Ikara  la,  hotfavar,  aMeh  dlaagiaaiaant  on  dila  antiar. 
Tanaghl  faportad  that  tha  aoiilbani  UnUt  of  pamafrmt  oobi- 
ddaa  very  roughly  wtdi  die  33^r  mean  anaual  air  laotherm  [2]. 
Black  rapoctad  that,  beeauae  of  local  oondltlona,  the  aMaa 
annaal  air  tenperature  required  to  prodnca  cr  Mlnlaia  pana- 
ilroat  variea  many  Omqr—t;  bm  auageatad  that  It  ia  gatMcally 
batwTMn  24  and  30*F  l»J.  Mlklfomif  In  hla  hypothasls  of  the 
origin  of  panaafroat  amwatad  that  the  aoutharn  boundary 
coincides  appraxlmately  with  tbe  28. 4° F  laothena  [4]  . 

In  Canada,  the  southern  limit  of  permafrost  as  presently 
known  lies  between  the  25°  and  30°  r  mean  annual  air  Iso- 
therms except  in  western  Quebec  [SJ  {Tig.  1) .  West  of 
Manitoba,  the  known  limit  of  permafrost  coincides  approxi- 
mately with  the  30*F  Isotherm.  In  Manitoba,  however.  It  cuts 
aast«rard  bom  the  30°  to  the  35°F  isotherm.  In  Ontario  It 
coincides  with  the  25"?  isotherm.  In  western  Quebec  It  lies 
north  of  the  2S*r  Isotherm  from  whence  It  extends  southeast- 
ward Into  southwestern  Labrador  (and  perhaps  even  further 
southward).  Although  observations  are  limited,  the  southern 
limit  appears  to  cross  the  2 ST  Isotherm  In  southern  Labrador 
and  then  extend  northeastward  between  the  2S*  and  30*F 
Isotherms  to  the  Atlantic  coast. 

Apparently,  Uie  mean  annual  ground  temperature  differs  from 
the  mean  annual  air  temperature  by  several  d«gr««;s  and  this 
difference  Is  not  constant.   Henc<-,  pr^'clai'  trudlction  al 
permafrost  distribution  cannot  be  Ij^-i^od  soicly  on  this  factor. 

A".;'.'mp".s  have  been  made  to  relate  permafrost  distriiiut;ori 
In  Canada  with  freezing  indexes  [6.  7,  8  J  and  thi5W!r.g 
Indexes  ^5,  /].    These  tr.dexes  reflect  annual  flactuallona  Of 
air  teinf.'eratun!  abci!  the  Iruezlr.g  pnln!  and  indicate  the 
arr.Dur.;  i>i  hrjt  addod  lo  jr.d  withdrawn  '.TDtn  tho  ground.  A 
stdllon  wirh  a  ni<_'an  iinnuol  air  tcn-.pcrature  of  32°F  will  there- 
fore havi'  ijqual  frcezmq  and  thawing  Indexes.   As  w:tn  mean 
annual  air  tompcrat^re ,  there  Is  a  broad  relation  betvvtitfn 
fflrmafrost  dlstiibjtlo.T  and  these  Indexes,  but  accur■:^tc  pro- 
dlctioii  of  permafrost  occurrence  cannot  be  based  solely  on 
this  factor  because  of  the  infhianoe  of  other  climatic  and 
terrain  factors  [  1 }  . 

Nevertheless,  a  review  of  the  literature  and  examination  of 
the  <ncwn  southern  limit  of  permafrost,  shows  some  general 
correlation  betwee.-i  mea:-.  air  and  ground  ic'mperature  as 
indicated  by  the  correspondence  between  certain  isotherms  and 
the  psmalroat  boundary  aa  «m11  aa  by  other  evidence  [1.  Cj . 

mnuENCC  OF  tBHiAnr  and  other  climatic  factors 

T.'^e  clliferiinrrf  L<Mw(."cr.  irie.in  annual  air  and  i;roi.r.d  tciripora- 
ture  ,  and  vaf^.it.ons  ir.  ihi;i  dlMorcncc  from  pl.icrj  lo  place  aro 
cat-sed  by  rlnmt;:;  Inrtors  other  than  oi:  Icmporaturc  In 
iromitilrirtticin  with  surt.jcc  and  subsurface  terrain  factors.  Tho 
[.:L^,^l;Jlex  I'nrugy  f*xc.*i.3ric;c  retjime  at  the  rjrcr.d  liurface  ,  v,-hich 
is  influenced  by  these  factors.  Is  such  that  the  mean  annual 


vwnd  tawperahHa  la  aawaral  dagraea  wanaar  than  the  OMaa 
annual  eir  tanweratova*  Faclora  wlileh  aaan  pacttCMlarly 
Inflnantlal  eta  net  radlaUont  vaie<atlon»  anow  cower*  and 
ground  thanaal  propartlea  that  vary  with  tiaia;  other  leetora 
Include  lallaf  alopa  and  crlaotatlcn  and  eurfiMe  and  aubawfaca 
drateaga. 

Tha  difference  hatwaen  aMaa  annual  air  and  ground  teaipar^ 
tun  can  be  explained  In  part  by  tfaa  fact  that  the  ground 
auzface  la  faaatad  by  aoler  cadlatlen  during  the  day  to  a  nrach 
higher  teatperature  than  tho  air  abewa;  thla  ««eaaa  hatting 
aiere  Ibaa  balancaa  tha  coeUng  of  dia  ground  auiteea  by  radla- 
tlca  dnrtag  the  night.  8no«r  cevar  eoatrlbuiea  to  thla  altuatlon 
by  Ineulattaig  tha  aotl  tnm  tha  cold  air  above  [9] . 

It  la  auggeatad  that  the  dlffaianca  hatwaeo  aMaa  aaoaal  ah- 
and  ground  temperature  would  be  gtaaiar  in  interior  oontinantal 
looaltUaa  thaa  in  marltUne  looBtlane  beeauae  of  the  greater 
amnrfeil  and  aecimulation  in  the  fbraMr  areas  [  10] . 

Variations  in  net  radiation,  vegetation,  anow  cover,  and 
other  (actors  contribute  to  observed  dlffatenoes  in  the  thick- 
ness and  teaiperature  o(  permafrost  in  neighboring  areas  of  the 
oontlnuoua  zone  heving  similar  mean  annual  air  temperature; 
they  also  help  explain  tlie  patchy  occurrence  of  permafrost  at 
a  particular  location  in  the  southern  fringe  of  the  permafrost 
region.  The  mean  ground  temperature  In  permafrost  can  vary 
at  any  given  depth  within  a  region  of  only  a  few  square  miles 
due  to  variations  In  surfane  caver,  yriiund  typ*?,  irioisture 
content,  geological  suunturft,  or  gfDiht'rmal  gradient.    In  the 
dlSCOnt.n.jn,j»  znr.i; ,  vjriiitions  Ir.  mean  ground  temperature 
frequently  occur  between  the  middle  and  edge  of  ar.  individual 
body  of  permafrost. 

Fluctuations  in  the  peraatrost  boundary  generally  within 
Tni.ncs  of  the  2S  and  3Q°F  mean  annual  an  isotnerms  across 
Canada,  and  local  variations  1.".  the  permafrost  within  a  small 
area,  appear  to  be  influi;nccd  by  microclimatic  ar.d  terrain 
features.    Hoovy  snowfall  In  late  autumn  east  of  Hudson  Bay 
mny  b<"  r<^5pon  liible  for  the  -ibscncc  of  p-ermafrost  at  latitudes 
Similar  to  those  west  of  Hudson  Bay  where  permafrost  is 
wldeapraad  and  late  eutnian  enowfall  la  conaidarably  leea  [^3« 

GROVND  TEMKMTUW  REGIME  IN  PERMAFROn 

In  permafrost,  the  temperatute  derit:a:.es  steadily  from  the 
ground  surfatw  to  o  dt^pth  ol  about  j'^  lo  lUU  ft  [11].  Bolow 
this  depth,  tho  pcrmafroL^l  iempuraturo  increases  steadily 
under  the  Influence  of  heat  from  the  earth's  Interior.  Fluctua- 
tions m  air  temp',?ratare  during  the  year  produce  a  tem.petature 
osclUatlon  in  the  ground  to  depths  on  the  oider  of  iO  ft  with 
a  tl.T.e  lag  innieas.:ig  with  lieptli.   At  thcie  depths,  tempera- 
ture variation  jS  t:xt.-emely  -imaU  (k-ss  tii.-in  P.  IT);  this  is 
referred  to  as  the  "level  of  :,i-ro  annj.il  ■amplitude."  Belnw 
this  depth,  influence  of  the  annual  a.r  tomipcroturc  cycle  is 
not  felt  and  ground  temperatures  change  only  in  rcsp-onse  to 
long-term  changes  extending  over  many  centuries  .    Use  of  the 
present  mean  ann^a:  air  temperature  to  predict  the  mean 
annual  ground  teinperatute  at  depths  Delow  the  level  of  zero 
annual  amplitude  i.i  ::i  mij  I  irated  by  !h''  l.iltfr  tunipeialure 
ijcing  a  reflection  ol  aoth  jjn.srnt  ind  p-.si  climatic  regimes 
(with  possibly  different  mean  .nnnu  -.l  .jir  terr.p«raturcs)  . 

A  c-hongn  In  moan  annual  air  temperature  can  result,  over 
ii  lony  tiri'-,  ,n  a  significant  change  m  the  extent  and  thick- 
ness of  permafrost.  Observations  from  Canada,  Alaska,  and 
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the  USSR  show  that  the  geolherraal  gradient  can  vary  wllhln 
wtde  Umlis  (l''r/40  tl  to  l°r/300  ft)  depending  on  thermal 
properties  o<  iioU  and  rock,  geological  structure ,  and  ottMT 
(actors.    In  the  Mackenzie  River  delta,  Canada. 
W.  G.  Brown  [12]  found  a  goolhi^mjl  <3r3d;onl  of  l^r/S3  ft. 
Misener  i'13]  observed  a  geothtirmj  1  grjd.cnl  of  l°r/46  ft  Jt 
Resolute.  NV.T,  -n  the  Cjr.jdijn  Arctic  jrcnipclaoo .  At 
Point  Barrow,  Alaska,  cjeotherT.al  ijrjdients  of  ft  and 

1°F/S3  ft  were  found  l.".  ar.  oil  well  '  l^l  and  be.-.eath  a  small 
lake  [IS],  respectively.   Geoihcrmal  gradie-its  ranglrvg  from 
l°F/72  ft  to  j'F/32'1  ft,  dc- ponding  on  rock  type,  mn 
observed  m  Uie  Li;n.i  River  brtSln,  Siberia  [16], 

The  lower  valm-s  oijiit-rvt-d  In  North  America  may  be  attrib- 
uted partly  to  the  proximity  ol  liirgc  bodies  of  wottT  In  contrast 
to  those  In  the  USSR  which  were  nv-stiy  in  i.iland  watersheds. 
Shpolyanskaya  [17]  reported  values  in  tne  TransbalVal  region 
of  the  USSR  which  are  of  t.he  saxe  order  ot  maqnllude  as  those 
cited  from  Canada  and  Alaska:  iT/i?  (t  m  sedimentary  rock 
and  l'r/92  ft  In  dense  crystalline  rock.  Therefore,  a  change 
of  1°F,  for  example,  in  the  mean  annual  air  temperature  could 
result  over  a  long  time  In  a  change  of  1°F  in  the  mean  annual 
ground  temperature .  ThU  would  cauM  a  change  in  perniaftost 
thickness  of  appfoxtmataly  40  Iq  300  ft,  dBpndlna  on  tbn 
gtQthwmal  gradient. 

M»N  ANNUAt  AIR  AND  OKOQIID  lEMPeMTDIIES  IN  CANADA 

At  present,  ground  temperature  observations  are  available  from 
17  locations  in  Canada's  permafrost  region  (Fig.  1).  The  lati- 
tude, longitude,  height  above  5<  j  level,  permafrost  distribu- 
tion and  thickness,  and  mean  annual  air  temperatures  ol  these 
Stations  are  listed  In  Table  I.   Information  Is  given  also  tot 
Ottawa  which  Is  south  of  the  permafrost  region.  Ground 
tamprntrntm  valusc  an  Umtmi  in  Tabla  II. 


At  some  of  these  stations  the  iwxxds  are  either  of  short 
duration,  contain  gaps,  or  ore  of  questionable  reliability  due 
to  observer  error  or  instrument  difficulties;  thus,  only  approX'- 
Imate  mean  annual  ground  temperature  values  can  be  given. 
In  some  cases,  the  ground  temperatures  may  not  have  had  time 
to  return  to  ihelr  original  values  prior  to  disturbance  by  Instal- 
lation procedures.  In  ^iddiilr>n,  an  excess  ol  drilling  wash 
water  frozen  around  a  texporaturc  cable  in  a  hole  would 
change  "die  thermal  diffuslvlty  of  the  qrrund  being  measured 
from  the  surroundLng  undlstrubed  ground  sufficiently  to  affect 
graund  tMiparattm  ai>a«vatloM. 

DtSCUSSION 

Reeulte  frf  Ote— tvetiona 

Musi  of  the  temperatures  reported  were  measured  ur.dcr 
dltlicull  field  conditions  and  ore  of  questlonaalc  precision  so 
that  only  general  relations.ilps  can  be  deduced.  These  ground- 
tcmpcrature  hums jr'^nienlii  suggest  that  tliere  is  not  a  constant 
difference  between  them  and  the  me.in  .mmjil  a::  temperatures. 
There  is  no  Instance,  however,  of  the  latter  b<-;ng  higher  than 
the  former.   Some  of  the  ground  ".oTif-erature  observations  ore 
either  single  observations  or  averages  for  only  part  of  o  year. 
As  a  te-iul: ,  the  valjei  vary  slightly  from  the  mean  annual 
ground  tunipertitures ,  the  difterei.ce  decreasing  with  depth  to 
the  level  of  lero  annual  amplitude  where  the  difference  shouU 
be  negligible.  Variations  In  temperature  with  depth  are,  of 
course.  gri-itly  Influenced  iiy  t.".e  geoiheimal  gradient,  the 
magnii'..  ie  ■!  which  varies  from  place  to  place. 

In  vi<!W  i>l  these  factors,  it  Is  difficult  to  obtain  a  precise 
corrclotsor.  L>etween  mean  annual  air  and  ground  temp'erat'jres. 
Because  the  problem  concerns  vdrlaiiorui  in  the  ground  thermal 
regime  over  a  year  or  more.  It  Is  best  to  make  measurements 
M  •  dapth  whan  th*  Inf Iumim  o(  tlwct-Mrm  wwathtr  oyetes 


we  «  lea  too  moiooi 

«M  I  ■  '  ■ 


MILES 


Fig .  1 .  Distribution  of  permafrost  and  ground  tMnperatm  nbaarvatlM  sttM  In  Canada 
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wlU  not  be  laig*  (bftkm  about  Z  ft) .  Nona  of  lb*  ground 
taapanmm  wilws  {moapt  Onttra  [98])  iw*  torn  mblMMd 
to  riowlar  amlytts  bwaiiM  of  the  ahon  dimtIcQ  of  aiMt  of 
Hw  dbMivatlaiia  and  Iteir  uBcntaJnaocuracy.  Iblstypuof 
•nalyala  could     «iiRUMl  prabably  to  tbo  Fort  SlmpMO  and 
Feit  Varaiflldn  valiws . 

Relation  Between  Air  and  Ground  TamDerature* 

Air  and  ground  tamperatura  racorda  show  that  dte  latter  are 
warnwr  tiiaii  ilw  former  by  a  wide  range  varytag  fnm  about 
I*r  at  Kag  Rlvar,  Alia. .  to  Xl'T  at  Tsurcanla.  NWT.  Dlffar- 
ences  between  mean  annual  air  and  ground  Mtpamturaa  am 

summarized  In  Table  HI. 

Several  factors  complicate  this  situation:  (a)  Some  Indi- 
vidual ground  temperature  values  above  the  level  of  zero 
annual  amplitude  may  be  higher  or  lower  than  the  annual  mean 
depending  on  the  time  of  year  and  the  depth,   (b)  Mean  annual 
ground  temperatures  in  permafrost  decreasi?  with  depth  from  the 
ground  surfaoe  to  a  deptb  of  SO  to  100  ft  and  then  steadily 
tncnana  undar  dw  Influanoa  of  liia  faoihamal  gradlnnt.  For 


awnnlOt  tto  fMond  temperature  in  tiw  Taureanta  nim  ol  I9*F 
«t  tto  dapdi  ta  probably  aavami  dagraaa  hlglMr  than  tiw 
praboblo  toaparatun  at  Mm  IomI  q<  son  nanunl  unplitude . 

Maan  annual  ground  surfao*  taopamtnm  (1  on  depth)  are 
available  et  three  sutloM .  Comparlaon  artth  amn  aoaual  air 
temparaturea  ahowad  dlffacenoea  of  8.0*P  at  Ottaiwe«  Out., 
10.4*r  at  Peit  Siaipoon,  MWT,  and  11  .«*P  at  Ftet  VanaUllon, 
Alta. 

Dlfiarencoa  between  mean  annual  air  and  ground  tempera- 
turai  ware  examined  in  relation  to  the  ralattvo  ooottnentallty 
of  iholr  location.  Maritime  station!  Include:  Aabealea  lilll« 
Quo..  Churchill,  Man. .  and  RankUt  Inlet  and  Raaohito,  WFt, 
Otttarances  at  these  stations  did  net  appear  to  vary  signtft-' 
oaatly  from  those  at  the  other  stationa .  Undoubtedly  thia  la 
duo  to  the  lack  of  praotaion  in  computing  the  dlfteroncoa  aad 
dia  variable  depths  at  which  observations  were  made. 

As  already  noted,  the  moat  southerly  occuirenoes  of  pama- 
frost  with  temperatures  between  31"  and  SZ'G,  several  tans  of 
feet  thick,  and  not  restricted  to  a  particular  type  of  terrain, 
are  found  at  such  stations  as  Thompson,  Man.,  Kelsey,  Man., 
aad  Unnlurn  City,  Saaic.  AU  ttwao  looatlona  havo  aiaoa 


Tabtel. 


Location 

Ut. 
M 

long. 
W 

Ht,  asl" 

(fd 

Permafrost 

Pcrinafrust 
Thickness. 

Sourea 

Mean  Ann. 
Air  Temp.. 
<*P) 

1. 

Aiahlhlk.  Y.T, 

«1*38' 

137*29' 

3170 

Discontinuous 
(Widespread) 

50  to  100 

CIS] 

24.5 

2. 

AatealoaHlU.  F.Q. 

72*  4J' 

16S0 

Continuous 

>930 

[19] 

17 

« 
a« 

VOVQUlUf  Man* 

S8*4«' 

94*88' 

80 

Continuous 

100  to  200 

[19] 
[20] 

19 

a 

rim  gllll|liyil|  niVA  > 

«1*S2' 

121*21' 

413 

Dlsconclnuoua 
(Patchy) 

about  40 

[IS] 
[21] 

2S.0 

s. 

Port  Smith,  NWT. 

60»01' 

111*58' 

665 

■    •  • 

DBRC 

26.2 

s. 

Fen  Vernulion.  Alta. 
(Keg  River ,  Alta .) 

57*47" 

iie^os' 

117*50' 

950 
1402 

None 

Dlscaon  tlnuciu  > 

[22] 
1231 

28.2 
31 

7. 

Inuvili,  NWr. 
(Alitavik,  NVrt.) 

68*18' 
68»14' 

139*29' 

135*00' 

198 

30 

Continuous 

Continuous 

>300 

DBrO 

.  ■  • 
IS. 6 

a. 

Kelsey.  Man. 

$«"02' 

96*32' 

600 

Discontinuous 
(Patetiy) 

about  30 

om^ 

2S.S 

9. 

Mackenzie  Delta 
Lake.  NWT. 

«8»18" 

193*S8' 

3S 

Continuoua 

2S0  to  300 

[24] 

15  .6 

(Aklavik) 

10. 

Nocaian  Walla.  NWT, 

«S*18' 

128*49' 

240 

Contlnuoua  or 
Dlsooatlnnotts 
(Widespread) 

ISO  to  200 

dbr'^ 

[25] 
[86] 

20.8 

11. 

Rankin  Inlet,  HVTT . 
(Chesterfield  Inlet, 
NWT,) 

62* 49' 

63»2r 

92*05' 
90*42' 

13 

Continuous 

about  1000 

[27] 

12. 

Rrs'^luto  ,  N'V.'T. 

74° 41' 

94*54' 

56 

Continuous 

1300 

[13] 

2.8 

13. 

Schfllervlllo,  P,g. 

54''49' 

66' 41' 

160S 

DlscontlnuOiiS 
(Widespread) 

>2S0 

[W] 
[29] 

23.9 

U. 

T.-iiircdn  Ir. ,  NWT  . 

Continuous 

900 

[30] 

17 

IS. 

Thompson,  Man. 

SS°36 

700 

Discontinuous 
(PatchW 

about  SO 

[31] 
[32] 

24.9 

16. 

Uranium  City,  Sask. 

59»34' 

1W*87' 

a    a  • 

Dlfloontimioua 

(Paldiy) 

about  38 

DBR« 

24 

IT. 

Yallowfcnife,  NWT. 

«2*28' 

114*27' 

682 

Dlacoiitlnuous 
(Widespread) 

200  to  300 

(27J 

22.2 

18. 

Ottawa.  Ont. 

4S»28' 

75*88' 

180 

Nona 

41.8 

^aiglit  abovo  aoa  loval 

"Vainnfkoat  ihlelcnaBaoa  baaad  on  infccaiatloa  raportad  to  1963 
^Ivlaion  of  Building  Raaaarcb,  Canada 
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Tabton. 


Mean  Ann .  Ground 
Daplb  Ground  Temp.  ObMrvatloo 

Location  (fO  Tomp.  (°r)         ["D  Dates  Souroe 


1. 

AlthUitk,  Y.T. 

20 

28.3 

19S3-19S9  (wnekly) 

DTC* 

2. 

tabHiM  HIU,  P.  0. 

SO 
100 
200 

19.6 
19.6 
19.6 

Avm90  0f  two 

readings 

IS  Apr.  -62  and 

8  luly  '62 

3. 

ChurchLJl,  Man. 

2S 
S4 

.  .  . 

27.5 
28.9 

July  195 S 

[33J 

4. 

Fan  Simpioa,  NWT. 

10  cm 
20  cm 
SO  em 
100  on 

ISO  OB 

35. 4 
34.9 
34.1 
34.6 
33.7 
33.2 

«    •  • 
«    •  * 
«    *  * 

*  •  * 

•  •  • 

19S9-1962  (daily) 

[34] 

S. 

Fort  Snltfa,  NWT. 

■bout  IS 

«taeyt32 

•    «  * 

lOSO'a 

DM^ 

6. 

Fact  vMrnlUon,  Alts. 

1  cm 
10  cm 
20  cm 
SO  cm 
100  cm 

1  ^n  e*m 

39.8 

38.9 
38.8 
38.9 
38. <) 
^a  Q 

«    *  * 

•  *  * 

•  •  0 

•  »  • 

19S9-1962  (daUy) 

Kn  Itlvar,  AIM. 

■bout  S 

a  towiroth> 
balaw32 

*  •  • 

Sapt.  1963 

7. 

Inuvik.  NWT. 

47 

25.9 

«   •  • 

1955-1958  (weekly) 

[35] 

towntlM 

2$ 
SO 

100 

26.8 
26.6 
26.7 

•  ■  « 

•  •  ■ 

1961-1963  («Makly) 

OflRb 

road  to  HIddon  Lake 

22 
47 
97 

•     *  * 

23.9 
24. S 
2S.4 

22  Sapt.  '62 

DM^ 

B. 

Kalsey  r  Man . 

down  to  30 

30. S  10  31. S 

19SB-1983  (««oakM 

9. 

Mackensia  Dalta  Lak*, 
NWT. 

SO 

75 
100 
ISO 
300 

■urfBM 

•    «  » 

23.8 
(calo.) 

25.4 
25.9 
26.5 
28.0 
29.2 

•    •  • 

6  May  19S1 

om>> 

tU] 

10. 

NanMn  Weill,  NWT. 
000  ft  bom  rlvar 

60 

100 
180 

200 

... 

29.6 
29.6 

31.7 

32.0 

1947-1948 

[26] 

100  ft  (rom  river 

50 
100 

... 
... 

26.0 
29.5 

19S8-1962 

DBR>> 

1 1 . 

RaaKin  uiiiat«  iiWTa 

WOUt  IDO 

KkAM*  IC.  19 

t  Qc n 

1  3DD 

[27] 

12. 

—    simjw 

WKIlUHi  tlWTt 

so 

100 

8.S 

*  «  • 

*  •  * 

1954-193/  iVWulyi 

r  1 9 1 
L13J 

[30] 

13. 

SelwffwvUto,  P.  Q. 

2S 
SO 
100 
140 

190 

30.7 
30.2 
30.3 
30.8 
31.7 

•  •  ■ 

•  «  • 

•  •  • 

1962  (rnakly) 

MSRL* 

14. 

Taurcanl*.  NWT. 

32S 

•    •  • 

29 

1961 

[30) 

IS. 

Thonpaon,  Itan. 

down  to  25 

31  lo  32 

•    •  • 

1961-1963  (waakly) 

[31] 

16. 

Vrulum  City,  SMk. 

down  to  30 

31 10  92 

•    *  • 

19S4-1957  (imakly) 

DBR» 

17. 

yalknrknlfa,  NWT. 

2.3 
4.3 
6.3 

8.3 

33.0 
32.4 
32. S 
31.4 

m    m  m 
•    •  « 

I9S4-1957  (waakli) 

tan 
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JfiSBttOL 


ttA 

mmh  jtnii* 
Gnmnd 

Li  round 

T6np  ■  ObflOfVdtlon 

■  .Cfl  .Wti..  ^.  ..— 



1  em 

49.6 

19S9-1962  (dalM 

10  an 

49.0 

20  cm 

47.9 

SO  cm 

48.5 

IC'O  cm 

4S  .6 

ISO  cm 

48.6 

18.  Ottawa,  Ont. 


Depiirtment  of  Transport,  Canada 
''Division  of  Building  Research,  Canada 
'^McGlll  Subarctic  IteMWch  Labcratory 


aniUMl  air  ttmpmtuwt  of  atovt  M*  to  IS*F.  An  oxoopilaB  lo 
tUM  U  AUhlhlk,  Y.T,,  «b0M  moan  maul  air  taaporatuio  of 
M.S*F  la  eoBipafabla,  bat  ttta  ataaa  annual  vraund  Mmpsrotiiio 
of  M.3*F  at  thn  20-fi  dmfiOk  U  aavaral  dagraas  lowar  than  the 
gcaund  tomparaturaa  at  tha  othar  tfaiaa  atatlona .  Uemvm,  a 
aiaaa  annual  air  tanporatum  of.  aay  25"F  or  laaa.  la  alnoat 
oartaln  to  ladleata  a  pamaftoat  ooodltloa  In  Hia  vtalnlty. 

TiM  ^uaatlen  arlaaa  again  as  to  what  li  tiia  anwlHun  Man 
arnmal  air  laaparatura  at  which  pamalroit  oan  axlat.  Parna- 
6oat,  alhalt  only  a  faw  faat  thick,  la  found  at  Xag  Rlvar,  Alta.. 
wMch  haa  a  noan  annual  air  laavaratm  of  ai*P.  It  doaa  not 
occur  In  the  viclntty  of  Fort  Vacartllon,  Mta.  (2a.2*F}.  nor  at 
Port  Snllh.  NWT  (26 .  2*F) .  nor  owan  «t  Uia  Exparlnantai  Fara 
at  Port  Slaipaon,  HWT  (2S .0*1) .  Clearly  vegataticn  playa  a 
doninani  rola  In  lUa  aituatlon.  ParanCtoat  at  Xafl  Mvar  ia 
oonttaiad  to  a  four  anall  acattaMd  •fittoa*%lMVum  paat  boga. 
No  autib  boga  oooar  In  tte  Port  VamilUoa  araa.  Panaaflroat 
aoclata  alao  ia  ataallar  boga  in  Iba  fort  Smith  and  Port  Slapaen 
nraaa. 

The  origin  of  panaafroat  in  these  bogs,  particularly  in  Kag 
Rlvar,  could  ba  attributad  to  one  or  more  of  the  following 

causes: 

(a)  It  could  be  a  nimnant  from  the  cooler  climatic  regime 
of  the  Pleistocene; 

(b)  It  could  be  short-lived  permafrost  of  perhaps  savaral 
daeadoa  duration  which  formed  as  a  result  of  slightly 
lower  air  temperatures  than  those  pfevalllng  at 
present;  and 

M  it  oould  be  short  lived  as  in  the  second  case  but 
fbimad  as  the  result  of  terrain  changaa  aueb  aa  anew 
oowar  or  drainage  wiiich  tuare  oonduclva  to  Initiation 
of  pomialroat  without  a  changa  In  mean  annual  air 

temperature . 

In  all  three  cases  itie  permafrost  Is  protected  by  moss  and 

p«at  cover;  it  would  probably  diaappaar  and  not  ra-fom  If  this 

cover  were  removed. 
Theniial  Mechanisms 

Madianlania  which  allow  tomation  of  panaafrost  in  diasa  bogs 
ara  aaaedatad  «irUh  varlatlona  in  bast  anehanaa  at  tha  surface 
of  Hm  nnsa  and  paat.  vnwn  dnr#  paat  has  a  low  tbaraial  con- 
ductivity, agulmiant  to  tfut  of  anow.  Whan  wot,  ita  tharaal 
mnduetivity  ia  greatly  hieraaaad;  whan  boian  Ita  ifaamal  con- 
ductivity la  many  tbnaa  ttat  of  dry  poat.  During  aummar,  a 
ttatai  aurfaoa  layar  of  dried  paat  having  a  low  itaaraial 
coaductivlty  would  prevent  wanning  of  tha  underlying  soil. 
During  the  cold  pert  d  year*  the  paat  la  seturated  bom  tha 
eurfeoe;  whan  It  tiaasas.  its  thermal  conductivity  greatly 
Increasas .  Bacauaa  of  this  tha  amount  of  heat  Mnsfeirad  hi 
winter  from  the  ground  to  the  atmoaphara  through  tha  frozen 
lea-aaturatad  paat  ia  graatar  than  tha  amount  tranamittad  tai  thi 
opposiia  direetlon  tlwougb  lha  aurfaoa  layar  of  <by  paat  and 
undarlytng  wet  paat  In  awamer.  A  coneidarable  portion  of  haat 
is  alao  required  during  the  warm  period  to  melt  the  toe  and  to 


Table  m. 


Location 

Moan 
Ann.  Air 

Temp . 

Ground  Temp.  (°r) 

Appnw. 
Air  Ground 
Difference 

(•n 

l.Alahlblk,  Y.T. 

24. S 

29.2  (20  ft) 

4 

2.  Asbestos  Hill, 
P.O. 

17 

19  to  20  (SO  ft  to 

200  ft) 

2-3 

3.  Churdiill. 

Man . 

19 

27.5  to  28.9 

(25  1-  ;c  54  ft) 

8-10 

4.  Fort  Simpson. 
NWT. 

25.0 

35 >4  (surfdco)  to 
33.2  (ISO  cm) 

8-10 

S.  Fert  Smith. 
NWT. 

2S.2 

About  32  (about 
15  ft) 

9 

fi.  Fort  VfirniUaii^ 

Alta. 

29.2 

39.8  (surface)  to 

38.9  (ISO  cm) 

19-11 

(Keg  lUver, 

Alta.) 

SI 

A  few  tanthe  dagtee 

below  32  (about  5  ft) 

1 

7.  Inuvllc,  NWT. 

(Aklavlk, 
NWT.) 

•  •  * 

IS.6 

About  26  (2S  ft  to 
10010 

10 

ft.  Kalsay,  Man. 

25. S 

90.SIO31.6 
(do«m  to  30  ft) 

S  -6 

9.  Macl(enzle  Delta 

Lake,  NWT. 

is .  6 

(AklsviU 

23. B  (surface)  to 
26. i  (100  ft) 

8-11 

10.  Noman  Welle, 

NWT. 

20.6 

About  26  to  29. S 

(50  ft  to  100  fO 

5  -9 

11 .  Rankin  Inlet, 
NWT. 

(Chesterfield 
Iniat,  NWT.) 

•  «  • 

11.2 

About  15  to  17 
(about  100  ft) 

4  -« 

12.  Raaohita,  NWT. 

2.9 

10.0  (50  fO  to 
6.S  (100  ft) 

9-7 

13.  SdiefiarviUa, 

P.Q. 

23.9 

About  30  to  31  .5 
(25  ft  to  190  it) 

6-8 

14.  Taurcanls,  NWT 

17 

29  (325  10 

12 

IS.  Thompaon.  Man. 

24.9 

31  to  32  (down 

to  25  ft) 

9-7 

16.  Uranium  City, 
Sask. 

24 

31  to  32  (down 
to  30  ft) 

7-9 

17.  yallowknlfa, 
NWT. 

22.2 

33.0  (2.3  ft)  to 
31.4  (9.3  fO 

9-11 

IB.  Ottawa,  Ont. 

41.6 

49  . 6  (surface)  to 
about  40  (ISO  cm) 

6-9 
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warm  and  ev.i;)or.i:i-  th<-  water.  The  net  result  Is  a  negative 
imbAlance  ol  h«as  and  conditioni  randuclve  to  the  facDkation 
of  pmnatoat. 


The  InfliMflw  «f  tnew  eevw  on  tho  variation  boMiMn : 
mmial  air  and  flround  taotparaturaa  tmranta  Mpantn  oonaid- 
aratlon.  Tlila  It  lUuatratad  by  oonparinff  aBaa  aanual  air  and 
gieund  MBparainiu  «t  Fort  Sinpaon,  NW;  Fort  VaralUon. 
Alta. ,  and  Ottawa,  Ont. ,  all  loealod  at  Dominion  Bxperliaon- 
tai  Fonw  of  dw  Canadian  DaiwtiMnt  of  AgrlAiltura .  Dasptta 
alnttorltta*  tn  vegetation  and  aoite,  dlffMoneaa  batwevn  maan 
aamial  air  aiul  ground  awfaoa  toaparaniioa  <1  an  daptli)  for  ilia 
parted  19S9  to  19C2  vary  aaiong  Uia  ttoa*  atatlena— Fort 
Sbnpaon.  ll.S'F;  Fort  VamtUon,  9,7*ri  and  Ottawa,  7.0*P. 

Signlfleant  diftarancaa  la  snow  eovar  eovld  account  fbr 
thaM  variatlona.  Awraga  annttily  inow  cover  depths  for 
Oetefaor  to  Oocanbar  whan  wlnMr  frosi  pcnotratkm  la  inltlatad 
ara  S.4,  3.2,  and  1.3  In.  fdr  Fort  Simpson,  Fort  VainUlon. 
and  Ottawa,  raapectlvely. 

Average  monthly  anow  cover  depths  for  April  and  May  when 
air  temperatures  rise  above  32*r  and  Initiate  thawing  o<  the 
frozen  ground  are  11.2,  2.9,  and  0.0  In.,  respvctlvuly . 
Therefore ,  the  snow  cover  would  hava  the  greatest  effect  at 
Fort  Simpson  and  the  least  at  Ottawa.  It  Is  dllftcult  to  esti- 
mate, however,  the  net  effect  of  the  relative  amounts  of  snow 
cover  during  the  freezing  and  thawing  periods  on  mean  annual 
ground  tempi  ralurcs . 

Snow  cover  reduces  the  dmount  of  solar  rodiotlon  received 
at  the  ground  ^irf  >  <-  i.tus  li'i.  c:  ir.ij  the  differences  between 
mean  annual  .j.i  jnd  ground  '.eniffr  itures .   Observations  are 
available  for  Fort  Simpson  and  0::.iw.i,  .m:)  mn.-  il  .^mounts  of 
radiation  received  at  both  statii.r::.  h.i  .f  ih-iut  t!i<'  :,.uni-  effect 
when  'ly^nsidered  in  relation  to  srmw  r  ■.'<  r.    D-..r;-,rj  May  ".c 
September  (ISS'J  ta  1962)  wh«n  the  ground  wjs  Ire.,  of  snow, 
the  ri^illy  av<;rag«  incoming  solar  radiation  was  about 
470  g  cal/sq  cm  at  Ottawa  and  425  q  cal/sq  cm  at  Tori 
Simpson— a  difference  of  only  1 ».  .    Du.-.n'j  October  to  April 
(1959  to  1962)  when  the  ground  was  snow  covered  at  Tort 
Sin.pson  and  Ottawa  for  most  ol  the  poriod,  solar  radiation  at 
Oitn'.va  wai  about  225  g  cal/sq  cm  and  at  Fart  Simpson  about 
13:)  g  i.nl  'SLi  cm— a  difference  if  -Ji^.   Th._  offorl  of  this  larga 
diiference  would  be  practically  nullified,  however,  by  the 
•now  oovar  at  ixMh  altoa. 


CONCLUSION 

It  appears  tiiat  an  accurate  prediction  of  mean  annual  ground 
temperature  and  the  occurrence  of  parmafroat  at  a  ilia  tolaly 
from  the  mean  annual  air  temparatwra  li  sub)act  to  variations 
caused  by  other  climatic  and  terrain  (actors  alraady  noiad. 
Many  more  observations  are  required  before  anything  mora 
than  a  broad  relation  can  be  established.  Thla  la  a  foimldabll 
but,  hopefully,  not  Impossible  task. 
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THERMAL  REGIME  BENEATH  BUILDINGS  CONSTRUCTED  ON  PERMAFROST 


I.  p.  UMHCSandW.  P.  QVOm.  U.S.  Anay  OMd  Hasloaa 


and  BoglnaaHaQ  lAfaamtoty 


The  effect  on  buUdinqa  of  temperature  changes  beneath  build- 
ings constructed  over  permafrost  i?.  one  .•iijdy  being  conJjcted 
by  U.S.  Artr.y  CRREL  to  improve  engineering  design  and 
construction  cruerii*  foi  arctic  and  subarctic  areas. 

When  permafrost  was  first  investigated  by  the  U.S.  Army  In 
1946,  little  (actual  infoimation  existed  a-.i  u'  .iiil  thermal 
regime  bcnaath  buildings  sttrd  on  perrralroyt  or  about  correla- 
tion of  ttfucturo  stability  with  .iltr-rations  in  p^nnafror.t  condi- 
tions-   Such  data  were  needed  to  bcttt-r  ur.drrstane)  building 
performance  and  to  develop  improved  tO'_n:1.3tion  designs. 
Accordingly,  II  test  buildings  were  constructed  .it  Alask.i 
Field  Station,  with  various  ground  exposures  and  insulators, 
to  detortnlne  the  effect  of  selected  types  of  foundations  on 
ground  terr.peratures  and  on  vertical  movement  Of  buildings- 
Eight  test  buildings  were  observed  for  about  tive  years  and 
thiaa  buildings  iar  aura  llian  IS  < 


GENERAL  SITE  CONDITIONS 

These  studies  were  conducted  at  Alaska  Field  Station  about 
2.5  tnlles  noriheot;t  of  Fairbanks.  The  mean  annual  temperature 
o(  this  subarctic  locale  is  about  26'^F  with  yearly  extremes  of 
about  90T  and  -55"!'.  The  mean  freezing  and  thawing  indexes 
are  about  minus  5700  and  plus  3300  degree-day.i  Fahretdteit. 
respectively.  The  freezlrs  season  usu.3lly  starts  in  e.jrly 
October,  and  the  thawing  season  about  mid- April.   Total  annual 
precipitation  averaaes  1  1  m.,  with  a  recorded  maxirr.jm  of 
17,4  in.  (1948)  and  a  mim.Tium  of  5.6  in.  U957)  ,  incljdlrjsj 
the  water  equivalent  of  about  60  In.  of  annual  snowfall. 

The  terrain  is  characterized  by  a  comparatively  sxooih 
gentle  slope  of  about  3%  mat  provides  good  surface  drainage. 
Geologically,  thi;  areo  i:;  located  In  the  lower  colluvial  slopes 
b-^f.'.'i--^;.  villey  fill  and  the  upper  eoUuvlal  slopes  of  a  rock 
uplana.    The  natural  soils  are  principally  allts  to  a  depth  of 
about  SO  ft  with  :rt':^u-.-rit  inclusions  of  peat  amJ  ice-lenses. 
The  sllty  top  lay-ji  leits  on  a  relatively  thick  stratun-]  of  silt, 
Sllty  sand,  and  sand-gravel  mixtures  to  a  depth  of  about 
250  ft.    This  stratun  is  underlain  by  betlroct.    The  uppt.-! 
surface  of  permainJst  was  originally  about  3  ft  (1946)  beneath 
the  surface  in  this  locale  and  since  iher.  ha::  come  to  equilib- 
rium at  a  depth  of  about  i  to  6  ft.    The  Icwm  pennalros; 
boundary  is  at  a  depth  creator  than  160  It-    The  water  table 
durinc;  the  thawirig  season  is  about  i  ft  balOWgiOUDd  I 
and  fluctuates  between  0  arui  6  it. 


tar- paper-covered  ,  Army  stout  ho'uses  with  entrance 
vestibule.s.  erected  in  the  summer  and  faU  of  1946.  The 
bulldirjgs  differed  only  in  types  of  floors  and  founcSauont 
(Table  D-    Buildings  9  through  11  were  32  ft  square,  wood 
frame,  heated  structures  erected  Ixftwri^n  July  and 
November  1947. 

The  general  arrangement  ot  the  eleven  test  building*  is 
ahoamenPlt.  1. 


MitUNMO  coHsnnicnoN 

■nUdtaga  1  dimigh  9  waia  16  ft 


m 

 cow  or  MUWEL  PILL.l 

 Eooe  OP  aRAvtL  njLtWKWt 


pfaiafarieatad,  haatad.      Pig.  1.  Layout  of  taat  buildlnoa 
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Tdble  I.    Temperature  observritions  on  eleven  buildings 


PerMd  oi 

Mdg. 

TVpe  of 

Tanpantura 

Mo. 

IVM  Of  Pleor 

Foundation 

1 

4* In.  ooncratA 

4*  ft  flvef'Tun 

14  Oct.  46  to 

slab 

gravel 

24  Tan.  52 

2 

2  by  -l-lT;.  Joists  . 

4  by  4-  m.  mud 

14  Oct.  46  to 

3ii]s  on  4*ftfiirer* 

se  jaB>  « 

lloor  dtjove  rirKl 

run  aravel 

wood  sheathlnio  be* 

low .  Rock  Wool  batt 

ln^:ulrtUon  lwiMie«n 

Joists. 

3 

teiM  M  lfe«  1 

4  by  4>ln.  mid 

4  Kov.  46  to 

•ilia  onS-ft  rtver* 

24  Am.  52 

run  gravel 

4 

Same  as  No>  2 

4  by  4-ln.  mud 

14  Oct.  46  to 

except  rock  wool 

sills  on  6-ft  nvar-  24  Jan,  S2 

bstts  removed 

nm  gravel 

2  Jan.  47 

s 

Sbiim  as  No*  2 

4  by  4-ln.  mutf 

14  Oct.  4fi  to 

sills  on  4- ft  river-  24  Jan.  52 

tf^       n  V  &SPA  1    M  e%/4  Km 

in.  cell  concrete 

6 

Same  as  No.  2 

rO  SIS  niKJ  fJrtUSj 

1  A  rW^t     4fi  tn 
i  H  vvi>  VJ 

Vvoni^  t    11  OhJUVt^ 

netfSitrM^     avo  Sllrtvffiawv 

Vsvuiiijjnu  •KuunB 

7 

Soum  as  No.  2 

Posts  and  pada< 

Oet.  46  to 

beams  2-(t  atav* 

J(im51 

ground  with 

skirting 

8 

SaiDO  as  No.  2 

4  by  4-ln.  mud 

Oct.  46  to 

ailiB  en  S^n.  pads 

Aug.  51 

on  natural  grourtd 

9 

Double  wood  floor 

2  concrete  slitha 

June  48  to 

on  £  Dy  4-in*  lOists. 

(upper  6  in., lower 

Feb.  58 

1 6-ln. 0. C. ;  rock 

9  inj  sepfirnted 

wool  insul^itlon 

by  3- ft  concrete 

txilts  tietween 

piers:  lower  slab 

totsta 

on  S.6  (t  rivaj* 

run  gravel 

10 

Double  wood  floor 

Piling  in  natural 

Jon.  48  to 

on  2  by  6-in.  Joists^ 

ground, 4-ft  air 

AlHT.  S8 

16-ln.O.C.;  O.S-Ui. 

space  to  fUMring, 

wood  skirtljig 

beneath  libe  lolsts 

anund  air  space 

Mid  3*lii>  Tsfnlcu* 

Ills.  looM  tai 

insulktion 

between  Mete 

11 

1  8-  iri.  c:>r.crote 

5-:t  nver-ran 

Jan.  48  to 

slrtb  with  -1  by  ;2 

gravel 

Apr.  58 

by  12- in.  hollow 

clay  Ule  ducts 

INSTRUMENTATION 

Chrtr-gfT.  brought  nboul  in  \kr  •Avtvv^l  ri-glme  beneai'"  'Hi' 
buiitiiny^i  w«it:  :neciii.u:i.;d  v/iih  l:vit  thiuriorouple  assvniljJieii 
placed  along  a  nonh-south  lir.i-  thiough  the  center  of  each 
building  to  an  average  depth  M  ,ihjnut  30  n.    These  assem- 
blies v.':'rt>  .Tt  th'.'  building  ci»r.!tM  2  ft  Inside  and  3  ft  outside 
both  the  tiOtih  af-d  -.outh  walls.    Twelve  additional  assemblies 
wore  Inslollod  ur-  iiT  No    2  to  meosurc  hra\  flow  undor  an  l 
adjacent  to  the  itru-tun'.    Three  assemblies  were  also  located 
under  gr353-  5ijr'3C<_'  I  ■■•ti'HS  in  the  general  locilc. 

Thcrmccouj  Jc  assemblies  were  re.id  initially  ot  daily 
inter.-als  and  3t  weekly  intervals  o'ter  ^^..^r7h  1  947.  Interior 
air  temperatures  for  No.  1  through  6  were  monitored  periodi- 


cally, and  an  average  value  o(  63.7  F  is  consid<!red 
representative  for  the  period  of  winter  heating.   Air  tempera- 
tures wore  not  read  in  No.  9.  10,  ar>d  11.  but  No.  9  and  10 
ware  generally  heated  to  72°F;  No.  11  temperatures  were 
•atlnalMl  as  about  61  to  64.S*r. 

THERMAL  KBOIME  STUODM 

V.'ith  erectior.  of  a  structure  in  arctic  und  .luborcUc  areas,  an 
imponarit  change  occurs  in  the  therm.1l  regime  ol  the  under- 
lying 301:     Such  temperature  change  .5f!ects  slrjcture 
performance,  particularly  if  the  ground  Is  :>ub)oct  to  freeze 
and  thaw. 

Proqre.sslon  ol  »ea»or.nl  liee2e-th.3w  beneath  the  11  tost 
building;,  caii  be  divided  into  the  lollowing  rwn  distinct  groups 
based  on  ohserved  patterns  of  seasonal  freeze  and  thaw:  (1) 
Seasonal  Irosi  .always  (:enet:ated  to  the  permafrost  table  undar 
those  huiliiings  with  an  air  space  beneath  them,  namely, 
No.  6  thrfjuyh  10  (^in  exception  to  this  was  a  small  pocket 
Of  residual  thaw  at  the  south  edge  of  No.  10  caused  by  a 
unique  ground- water  flow  condition);  and  (2)  residual  thaw 
zones  were  present  under  buildings  without  air  circulation 
beneath  the  floors.  No.  1  through  S  and  No.  II.    The  residual 
thaw  zones  extended  beneath  gravel  fills  around  the  outside 
of  buildings  (the  hollow  clay  tile  was  irteffectlve  as  an  air 
space  in  the  floor  of  No.  11).   Typical  patterns  of  seasonal 
freeze  for  these  two  groupings  are  shown  on  Figs.  2  and  3. 

Insulated  wood  floors,  supported  on  gravel  foundations  by 
mud  sills,  retarded  flow  of  heat  In  some  cases  so  that  the 
gravel  fill  (roxe  completely.   Mud  sills  here  are  defined  as 
4  by  4-in.  tllBbars  placed  directly  on  the  ground  surface.  In 
most  instances,  seasonal  frost  did  not  penetr.ite  under  the 
canter  of  the  door  and  only  progressed  a  few  feet  in  from  the 
Sides.  The  noninsulated  concrete  floor  slab  of  No.  I  appearad 
to  prevent  (rost  penetration  inside  the  edges. 

Use  of  gravel  fill  under  an  insulated  wood  floor  did  not 
restrict  penetration  of  frost  to  the  underlying  silt  subsoil. 
Generally,. frost  penetrated  urKler  the  buildlns  edges,  but 
occaslonlaly,  a  layer  of  silt  froze  undar  Uw  entire  building. 
Wbare  frost  ponatiatad  the  edges,  it  waa  eonaMiidy  Oawod 
by  heat  flow  through  the  floor  before  start  of  the  thawing 
eeason. 

No  inpOltant  differences  were  noted  in  the  seasonal  freeze 
panellation  on  the  north  and  south  sides  of  a  building  except 
aa  tHWad  for  No.  10  above.  Thawing  started  earlier  and 
progressed  faster  at  the  south  edge  of  a  building  than  at  tha 

north  side. 

Heated  structures  with  floor  systems  placed  directly  on 
2  to  6  ft  of  gravel  foundation  flits  (No.  1  through  5)  caused 
pannafrost  degradation  at  a  rate  of  between  0.7S  to  1  ft  par 
year  beneath  the  building  center  (Fig.  4).  A  similar  rata  took 
place  beneath  No.  II  with  hollow  clay  tile  In  the  floor 
system.   Cell  concrete  insulation  in  the  gravel  Coundatlon  fill 
of  No.  5  had  little  effect  In  retarding  thaw  penetration.  Tha 
permafrost  table  was  not  entirely  uniform  under  thasa  six 
buildings  (Fig.  S) .  but  curves  shown  on  Fig.  4  am  coasldared 
to  give  tha  general  rato  of  parma&oat  dagradatlon  beneath 

the  center  of  the  buildings.    Slopes  of  thr-se  cL;r\'es  show  that 
permafrost  degradation  would  be  expecti-n  10  cor.tir.ue  at  a 
pjghlly  r'MJC'd  r.itf  t>ryon:i  the  pcrlor:  ol  oijsiirv.itions . 

ljcgr.jd.itini-i       f  iTm'ro5t  under  Ko.  6  llirouyh  10  wn?; 
prevented  or  n-.irunu/fd  with  ih:*  .111  ?.ii.ic:('  i:-icor;:or:ited  under 
the  floor  to  dissij'oto  ttonsiorrod  n'-.nl  liy  c-irc  -Intior.  of  outside 
air  as  shown  for  No.  7  on  Fig.  6. 

No.  6,  7.  and  8,  supported  by  posts  .and  paas  or  rrud 
sills  to  .r.iifi  or.  natural  silt  soil  and  with  clrculatir^ri  of 
beneath  the  lloor.  underwent  seasonal  heave  and  settlement  of 
about  0.  2  to  0.  4  ft  with  practically  no  progressive  or  net 
changes  In  displacement  over  several  years  (Fig.  7),  Move- 
ment of  these  buildings  was  fairly  uniforn  witti  no  tUtlag  Or 
severe  strain  In  the  floor  or  walls. 

The  only  sj-Tr.ilicant  effect  on  buUciin.Ts  founded  on  gravel 
fills  without  air  spaces.  No.  1  through  5.  wue  a  smaller 
ni-iouiii  ot  'icisonal  heave,  but  a  prog  re  ^  1 '.' o  "r  net  settlement 
ovor  soveral  years  (Fig.  8).  Insulated  wood  lioors  resulted  in 
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Pig.  i.  Dagndatton  of  parawftoM.  No.  7 
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Fig.  7.  Oispl4c«m«nt  o(  cofMrt ,  No.  6 


smaller  anounts  of  settlerr-.en;  tind  tilting  than  urUnsulati-d 
floors.    Progressive  settlerr.ent  of  gravel- fill  foundations  and 
Its  associated  damage  were  more  serious  than  the  effects  of 
seasor^al  heave.   Buildings  wlih  insulat«d  wood  door*  had 
smaller  anount  t  of  aalttomMM  and  tiltliig  tfian  Uioaa  with 
concrete  floors. 

No.  9.  with  both  tin  .;t  sji.icc  jnc;  .3  gr.3vcl  fill,  had 
good  stnbility.    Scasondl  heave,  piogresslve  setllemor.t,  and 
fl.-noi;nt  of  tilt  wore  only  .^boi.t  0.  :  or  0.:"i  ft  In  six  years.  The 
rigid  tytio  of  concrete  foundation  undoubtodly  contrib.jted  10 
this  excellent  rerformance,  but  the  combination  of  a:r  space 
and  grovel  fill  arc  also  considered  iniortant  factors  (Pig.  9). 

No.   10.  four.ded  or.  piles,   supposedly  anchored  In 
permafrost  with  an  air  spacp  b«rf>.ith  the  floor,  had  consider- 
able distress  because  of  vi  r-.c  ,.  1  uvenent  of  1  or  2  piles. 
The  malorlty  of  piles  displaced  upward  oivly  about  O.OS  ft. 
The  importance  of  bonding  all  pll«a  ID  pwmllOat ma  Vividly 
demonstrated  in  this  instance. 

No.  11  experienced  mlrwr  displacements  from  1946  to 
19S0.  thereafter  settled  each  sununer,  and  remained  essen- 


tially stable  in  the  winter.    An  elevation  dlfferencaof  1*27  ft 
between  the  NE  and  SW  corners  was  recorded  in  19S7,  with  a 
maximum  of  2.  0  ft  at  the  S\W  corner.    This  difference  IncreAawl 
to  about  1 .  6S  ft  in  1962  when  meximwn  displacemerti  was 
about  2.4  ft,  agrtin  i iiusuatliig tiM affactivaBaaa Of tiM hollow 
clay  tile  .'^s  an  air  space. 

CONCLUSION 

Bulldiny  foundations  with  ar.  .3ir  space  between  the  floor  and 
natural  ground  prevented  permafrost  degradation  by  disi 
of  building  heat  through  this  sp-ace  to  the  atmosphere. 
Seasonal  freeze  of  the  suprapermafrost  occurred  at  a  I 
rate  resulting  in  jnlform  heave  and  subsidence. 

Construction  of  concrete  floor  slabs  on  gravel  fills  over 
permafrost  with  ice  segregaUon  is  not  considered  satlsfaclory 
b<?ca'..se  appreciable  amounta  Of  WartlMl  aattlaMHt  ncult  I 
permafrost  degradation. 

Construction  with       _j,ited  bulltup  wood  floors  on 
nonfrost- susceptible  fills  is  constdarad  slightly  better  than 
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concrete  slab  construction  b«zcaLSo  degradation  Of  PWIMftPSt 

and  progressive  settleT.erit  ,ire  scniewh-it  less. 

roundatsoti  ::ori  iti  urtlon  ,  frj:r-lji  nl  nq  Ijoth  .ir.  :ui  -iiiri::!'  ,irid 
nonfrost- susceptlbli!  lU.s.  is  consiaered  superior  to  construc- 
tion with  atr  spaces  only  and  use  of  slabs  or  Insulated  buUtUP 
floors  placed  directly  on  fills  without  provision  for  air 
circulation. 

Buildings  founded  on  plies  with  an  air  space  above  ground 
cause  no  appreciable  degradation  of  permafrost.  Seasonal 
fr«eze  and  thaw  have  no  effect  on  the  structure  if  all  piles 
art  firmly  bonded  in  pemafroM.  Tbla  la  ooaaldand  •  atBlila 
foundation  design. 

This  foundation  study  was  conducted  In  a  relatively  severe 
environnantal  area:  that  U.  tha  af*a  oonalttad  of  wans  pemw 
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frost  (temperatuTi-  juot  .t  I'-w  lir-gn-f'.  tolow  freezirvg)  and  aiUy 
soil  which  Is  susceptible  to  the  formation  of  ice- lenses. 
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DEGREE-DAYS  AND  HEAT  CONDUCTION  IN  SOILS 


F.  I.  SANOBRf  U.8.  Aray  CoM  Rogiont  toMoreb  and  Eaglaaarlng  Uboreiory 


The  dctjreo-day  concept  Is  used  lor  computing  heat  conduction 
in  so-.Ig  to  r;et  approximate  results  (or  cngir.ccrlnij  purpoMt 
while  inore  precise  techniques  are  being  evolved;  simple 
degree-  day  taolWlqiMS  pwnlt  rapid  CCMBpuUtlORS,  In  the  flaM 

If  necessary. 

Suppose  the  surface  of  a  solid  Is  at  a  tt.i  L  -ra-.ure  (T)  for 
t  days .  The  number  of  degree  days  ttien  Is  measured  by 

"*  {T  -  Tn)  dt 

where  13  j  constant  reference  temperature.  For  cootputa- 
Uons  In  soli  freezing  and  tlwwing,       !•  utUAlly  32*r.  wbtto 

T   Is  ofton  coristrint  . 

With  I lucui.-)'. iny  :.l.iily  t<'i:i(  ■-rdlurus ,  '.he  menn  of  the  daily 
mdxlmutr.  ar.d  minimum  tomporoturcs  Is  used  for  the  dally  aver- 
age (this  may  mean  a  considerable  error  over  a  short  period 
and  in  some  locattcns  havir.q  peculiar  wea'.hcr  paUems,  but  It 
is  normally  acceptatlel  .    Tne  total  degree  cjiys  i;,  usually 
found  by  adiUng  daily  incr«i:it?nt.'.  '".r;  jilrntlng  a  mass  curve  of 
cumulative  iji^gme  days,  but  d       jri         enough  (or  many 
compuUttons  may  b«  found  by  plotting  monthly  averages  and 
finding  dm  an*  balwMn  Tq  and  dia  lanparMm-tiM  eiuva. 

FREBHiG  AND  THMWDIQ  INDEXEfl 

The  total  (negative)  degree  days  lor  a  freezing  period  is  called 
a  freezing  Index.  Similarly,  the  total  (positive)  dagrM  days 
for  a  thawing  period  Is  a  thawing  Index;  here  tbaMfaiaaCa 
tamparature  (T^  is  almost  always  32T,  For  a  varying  tempep- 
atara  pattern  the  Indexes  are  conventantly  lakaa  Ofi  the  mass 
diagram.  Absolute  values  of  the  Indexes  ore  oommonly  used 
in  calculations.  An  air  Index  Is  for  a  point  5  or  6  ft  above  the 
ground,  while  a  surface  Index  rofi^rs  to  the  ground  surface  [I]. 

Oapth  of  Panatratlow  o<  tha  To  Isotharw  In  Ground  Contatntna 
Wag  ^ 

A  most  useful  expression  In  ascertaining  depth  o(  p«netratlon 
of  the  Tq  Isotherm  In  material  containing  water  is  the  Modi- 
fled  Berggrcn  equallor.  [2].   Thu  i  quatlon  is  based  or.  3 
temperature  step-change  at  the  surMco  of  a  semi-lnflnliL'  slab, 
Initially  at  constant  temperature  (v-^J  with  'espe  rt  to  T^^  ,  ".he 
phase-change  temperature.   If  v.    is  the  surface  temperature 
Cl  ■        suddenly  applied  and  retained  for  j  t.me  (t) ,   X  the 
depth  of  the  Tg  isotherm,  K  the  coefficient  of  thermal  con- 
ductivity, and  I.  tha  volitaiairle  latant  haat  o(  tha  madiun, 
then 

x=xy^  u) 

wiMM  A  X  a  dliaanaionlaaa  ooafflelant  that  la  a  oonplax 
function  of  Vq  «  v,  ,  t,  and  voUiinairle  haat  capacity  fO . 
Aaalyala  of  ACFEl  (Krette  Coaatcuetlen  and  Pnat  Bff asu  lab- 
oratory,  Cwva  of  Enginaara,  now  Ineorporatad  In  CRRBI)  flald 
data  ahowad  that  In  natural  eeodltlona,  <v,t)  la  wall  rapn- 
aaniad  by  tha  fk«asing  or  dmMng  ladoK  I,  and  that  tha 
Mop-fihanga  thaory  can  ba  appUad  with  aatufadoiy  pmclatoo. 

n  d  la  diy  unit  wt  of  aoll;  w  Ita  wator  eontont,  %  dry  «t> 
1  tta  lea  ccntant,  %  iky  wt:      tfia  apaeifle  haat  of  dnr  aoti 
gnlna  (0.17  naar  32*1);  !«  tba  latant  haat  of  ftialon  of 
watar-4ce  (U4  ttu/)U;  UO  tba  apaeUle  haat  of  tratar;  O.S 
tha  apaeifle  haat  of  tea;  auffbi  u  iinlraaan  condition; 
suffix  f  frozen  condition.  Ham 


|«0|  I  I  I  I  f  :  I  I  I  I  I  I  !  I  ;  I  I  I  !  I — I — I  :  1  I  I  '  I  '  I  t  I  I  I  I  I  I  I  I  M  l_ 


X  MOISTURE  CONTENT.  (%) 


Fig.  I.  Dry  unit  wotghi,  wotar  oontant,  and  coafliciant of 
dianBal  oonduetivlty.  Coaraa  yalnad  aotla— froawn 


MOISTURE  CONTENT.  (%) 
rig.  2.  Dry  unit  iMlglht,  mier  eontant,  and  ooattlclaiit  of 
Iharaal  conductivity.  Coaraa-gralned  aolte'-unboiaa 
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10        •        to       »  M 

"W, MOISTURE  CONTENT, (%) 

Fig.  3.  Ikruilit  weight,  vrater  content,  and  coefflclant of 
dMimal  oonduetlvlty .  Fine-grained  soils— frosan 


Fig.  4.  Dry  unit  weight,  water  content,  and  coefficient  of 
tfaennal  conductivity.  Fine-grained  soils— unfrozen 
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^.  MEAN  AIR  FREEZING  INDEX 
FI9.  6.  Air  freezing  Index  and  length  of  freezing  season 


(4) 


For  most  computations  all  the  water  can  be  assumed  to 
freeze  at  32°r— since  tests,  designs  and  analyses  of  field 
data  have  been  based  on  this  assumption.  Not  enough  Is  yet 
known  to  allow  for  the  phenomena  of  unfrozen  water  In  soli  at 
a  temperature  below  the  normal  equilibrium  value. 

Then 


/     ^  0.5w  \ 


"•■ydTo?  ^s 


(S) 


(6) 


K  values  are  normally  derived  from  Kersten's  curves  [3], 
although  sometimes  It  is  preferable  to  test  the  particular 
material . 

Converting  the  parameters  to  consistent  English  unit*  lor 
soils , 


(7) 


X  In  ft;  K  in  Btu/ft  hr  T  (K  =  (K„  ♦  ICf)/2  Is  adequate  for  roost 
purposes):  (I)  in  Fahrenheit  degree  days;  L  In  Btu/cft;  X  dlmen- 
slonless,  usually  between  O.S  and  1.0,  depending  upon  water 
content  of  the  soil  and  local  conditions. 

Coefficient  of  Thermal  Conductivity  (10 

Soils  are  conveniently  divided  into  three  groups  for  com- 
puting K  :  Coarse  grained  (i.e.,  high  In  quartz);  fine  grained 
(low  in  quartz  and  high  in  other  minerals) ,  and  highly  organic 
soils.    K  depends  also  on  dry  unit  weight,  water  content, 
and  Ice  content.  The  curves  used  are  based  on  laboratory 
tests  of  soils  and  are  labeled  'unfrozen"  and  "frozen"  .  The 
amount  of  unfrozen  water  in  frozen  soil  Is  immaterial  If  test 
temperatures  approximate  those  In  the  problem  (at  much  lower 
tumporaturos ,  only  results  of  laboratory  or  field  tests  at 
proper  temperatures  are  valid). 

In  the  USSR,  soils  are  similarly  grouped,  and  tabulated 
values  of  K  [4]  check  quite  well  with  those  used  by  CRR£L. 
Figs.  1  to  4  have  been  drawn  from  [3]  for  convenience  in 
computations  (Tables  A.  I,  Physical  properties  of  sandy  soils, 
and  A.  11,  Physical  properties  of  clayey  soils,  appear  as  an 
appendix  to  this  paper) . 
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Fig.  7.  Air  ireezlng  mdex  and  MnparatUK 


The  coefficient  X  '3  used  In  computations  :l<Mlim  with  tiM 
32°F  Isotherm  In  ground.  Curve*  o(  x  >  oxlondtng  slightly 
from  the  orialMl  o<  iti,  tn  Qhwn  for  oonpteMMSs  (n*.  S) . 

Note  that 
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a  =  —   and    11  =  V,  ?^ 


BaMdonACrELandotlMrdKMlBiMtoaBindyaf  X  to 
sUtpUfy  ooaiimtBtlOM  iitan  Uttla  InteBMbm  la  avallabla. 


Frost  dllfuslvity  ls  deslgi.a'.frj  .15    M  .    The  gruL;p  (-l-MC/IJ^ 
Is  a  soil  (^p«rty  that  can  be  com(>uUid  and  graphed.  Th« 
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lion  becomes 
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A  combination  of  the  ideas  )j5t  diBci^ssec!  rcsulvjd  In  th?? 
construction  of  graphs  (Figs.  9  to  12)  that  gave  penatratlon  X 
from  soli  properties  and  Surfac*  MWC  (Q  •    M  VSlUM  awy  ba 
read  from  the  verltc«l  SCAto. 

A  comptax  problftB  fer  layand  ■yitma  out  hm  satltfaelortly 
solved  thus: 


AI 


L  AX  X 


(9) 


•ltd  X/k  to  tiM  tbarml  i««l«taiM»  oi  dapth  X, 

Thanfera  Al  -  R 

AI  ar*  th«  degree  days  required  at  tha  aurfaoe  to  now  the 
(Tq)  laotham  through  layer  AX  . 

In  ooBputatlons.  Rx  la  takaa  to  the  midpoint  of  the  layer; 
dia  valua  of  X  ia  baaed  on  avarave  valuaa  of  C  and  L  . 
waightad  tor  layer  Ihleknaaat  and  (9)  baeonaa 


(10) 

wliara  SR  la  the  tlianial  MBlatanca  of  the  layara  ^»ova 
layer  "n*  .  Tbta  axlaaaloB  made  to  tha  alapla  aohition  «f  a 
oomplax  angtnaerlna  vroblMi. 


Example:  Boring  log  from  a  taxiway  al  Thulo  Air  Basu  Is 
given  (Tabic  I).  The  mean  annual  ter.if    •tare  Is  12°r,  surface 
thawing  index  (I)  Is  1560  d«gr«e  diys.  ..rsl  length  of  thawing 
aedson  is  105  days.   Thf  pr:;i,il«:ni  :s  t  i  <-5tt:nrtti.-  the  depth  Of 
thaw  expected.  The  solution  Is  presented  in  Table  11. 

2S8 


Tabic  I 

.  Problem 

from  Thulc  Air  Base, 

Greenland 
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Water 
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Vx 

U4 

4.6 

9 

SC 

143 

4.6 

a 

5 

SM  -  GM 

Vx 

140 

2.B 

CRREL  claaaltlcailon 


PAVEMENT  DESIGN  FOR  FUMT  COMDOIONS 

For  flexible  pavement*  the  2-  to  4-ln.  Uileknais  of  bitumlnoua 

concrete  can  usually  ba  Ignored,  but  it  can  easily  be  Included 
as  a  separate  layer  for  greater  precision.  Rigid  paveaent* 
from  12  to  30  In.  In  thickneea  ahotild b* daalgnad.  however, 

as  part  of  a  layered  system. 

T^.e  problem  Is  to  find  the  frost,  or  thaw,  panairation 
Lirough  d  pavement  overlying  layers  of  nonfrost-susoepttbla 
matorlaU  ;:ro;>'rtmg  a  frost-susceptible  subgrade  by  Umitlng 
the  subgrade  peni'tratlon  of  the  32°F  Isotherm  to  a  safe 
amount . 

i;  P    IS  thickr.css  of  pavement,    K^^    ;a  coridaclivHv  of 
(he  iniiterl.il.    Cj    is  vslunetnc  heat  capacity  {L^,  =  0),  and 
B  is  penetration  Into  base  having  parameters  K^,  C^, 


and 
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Table  n.  Sokitlm  o(  •  prablmt  of  a  lairwed  iv»tm  (aaphaMe  eeneraia 

a  =  1 .34;  V,  =  :■!       !  =  I5f.0 


pava—nt  ovar  ba— 


and  iubgrada) 
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AC 
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0.46 

0* 

0 
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1 
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2  .  0 

156 

1 

2.1 
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•)7Q 

4B 

59 

29 
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75  1 

376 

1.15 

0.46 

0. 

21 

0.76 

0.46 

0.84 
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12S 

c 

GW-GP 

3 

u 
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2 
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2  . 0 

30 

hlO 

00 

149 

30 
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2sai 

il7 

0.86 

0.51 

0. 

26 

1  .50 

1 .22 

1 .97 
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704 

d 

SM 

1 

0 
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5 

1  .y 

311 
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30 

1  7'i 

3  0 

1  i7;i 

3351 

6.12 
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29 

0.52 

2.72 
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SM-SC 

1 
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30 
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3.45 
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1712 

7S 
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lAA 

A 

6 

2  .C 

2 'J 

9SS 

201.1 
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716 

4567 

678 

0.65 

0.55 

0. 

30 

0.38 

3.24 

3.43 

34  0 

i5a8 

0 

70 

6.70 

0.35 

3.24 

3.41 

316 

1564 

V.  -  it-It  -  ao 


los 


i4.a 


(470Ul.6M0.a4l 

(24  (0.21) 


V  /v   ■  1.34 

O  8 


1610)  (3.0>  11. M 

(24)  (0.26) 


1» 


S79 


.      .  (9551  (1.01  (3.491  ^ 
*«1  (24)  (0.201  *** 


*e2 


(955)  (0.751  (3.43> 
(24)  (0.30) 


340 


^955)  (0.70)  (3.41) 


1      .  1-511   

*a3  U4)  (0.30) 


316 


S44       Total  thaw  pcnutration  6.70  ft. 
(Observed  value:  6.5  ft) 


•No  water  in  AC;  hence 
noqhqUilf  dt-g  days 
requued  to  thaw  the 
iwvaiaant. 

*8uecauiM  irlala 


and  tha  aalutlon  li 


B  •  P 


(11) 

Ig  now  represents  the  degree  days  required  to  freeze  or 
thaw  a  thickness  of  base  (B):  her.cc   B   Is  the  base  thlcluiess 
required  for  full  protection  from  subsrade  penetration.  I 

I  aviation  and  uaad  it  to  ftoduoa  daalgn  ounraa  for 


pavoraer.ts  In  frost  conditions  II]  (Fig.  13).    Lambda  values 
were  obtained  from  figures  previously  described,  and  the  sur- 
face Index  was  90*  of  Ifie  all  fiee.:uig  indi-x.  found  by  a 
statistic-al  study  at  ACIXL  tn  ?;uU  l^.ir<'  ptiv<_-iTi<!nta .    It  was 
possible  to  compute  the  cur^uu  c!  F.gs.  14  and  15,  which  aM 
good  approximations  of  expected  frost  deptJis  for  placing 
footings  or  laying  pipes.   Surface  effects  in  Figs.  14  and  IS 
were  covered  empirically  from  ACFCL  (seld  data,  mainly  in 
Naw  Bagland. 
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rig,  lA.  frost  ponccration  In  unlfoim  soils  under  various 
surface  conditions 


riq.  LL.  Frost  penetration  in  layered  soils  under  various 
surface  conditions 


FREEZING  OR  THAWING  INDEX  (DEGREE  DAYS) 

t«^^'Co«*^,  LMigth  sf  Friaiing  SaawA  in  Doy* 
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rig.         Conversion,  degree  days  and  equivalent  sine  curve  of  temperature 
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It  Is  oi:on  convenient  to  convert  temperijturo-tlme  curve 
and  dogroe  days  from  freczir.g  Index  to  the  equivalent  ; 
temperature  and  ampl.t\;de  of  a  sine  curve,  and  vice 
Fig.  16  was  produced  for  easy  and  qulclc  ccn'/erslons . 

In  order  to  protect  a  concrete  rciaining  wsU,  a  nonfro»t- 
SUSCeptlble  bdckliU  wds  used.    Duo  to  Iho  concrete  Ihlck- 
MM>  I  thought  It  preferable  to  chanao  the  surface  frcozlr.rj 
index  to  the  ocfuivalent  slr.c  curve  oi  temperature  by  ust.-.g  the 
conversion  curves.   The  texp-^rature  curve  for  the  back  of  the 
wall  was  then  found,  assu.Tilng  that  concrete  ar.d  drained  NFS 
fin  are  sufficiently  close  thermally  t:>  assume  an  Inflr.lti! 
mass  with  properties  of  concrete.   (This  issuinpttor.  breaks 
down  when  very  dissimilar  materials  are  :n  ;:nnt<ici) . 

Hie  temperature  curve  was  converted  to  the  equivalent 
decree  days  fcir  application  of  the  Modified  Berggren  equation 
la  the  backfill  with  us  latent  heat  etlect.  Fig.  17  Is  th« 
rawlt  [S]:  CRRBL  la  now  ehoekliig  thOM  euivo*  by  (told 
obMfvations . 

Tig.  IB  correlates  a  freeslng  index  at  depth  with  the  sur- 
face freezing  index;  it  is  based  on  field  data  only  and  benoa 
is  purely  empirical,  ttwu^  raUooal  and  useful  In  pipe 
calculations. 

The  principles  dlsouseed  here  nay  be  applied  with  con- 
venience and  accuracy  to  many  problems  Involving  a  step- 
change  at  a  surface,  although  the  most  Important  application 
■o  iar  boa  been  the  curves  ^Ig.  13)  for  pevaisent  design  in 
frost  aiMS. 
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For  computations  involving  r„itaral  air  temperatima«  tlw 
degree  day  cxtncept  h^s  the  dtsadvantages  of:  (a)  Not  giving 
time  and  penetration,  linly  tola:  pc-otratlon;  and  (b)  tho  prob- 
lem of  converting  air  deqro-j  days  to  surface  degree  days. 

Statistical  sturlles  ijy  trie  kCTll  staff  show  that  for  frcc-zt.'-.Q 
m  the  northern  stdtus,  th<-  surface  ir.dex  for  bare  pavements 
arid  smooth  soil  suri.iLtTj  k.<^(.t  Irci-  Iron,  snow  Is  9U%  of  the 
air  treezi.-.a  index.   Few  other  surlaccs.  Figs,  14  and  15  may 
be  ustd  to  convert  Index  values. 

Thawir.g  ir.  permafrost  areas  Is  not  so  simple.   Fig.  19 
sh::w;-.  huw  wlr.d  has  a  qii:at  effect  on  the  Indexes,  The  curves 
are  apyxoxlmt^tf  slrici!  wlnil,  though  most  Important,  Is  only 
one  of  severj;  I.5clnr5  .    1  ba.-)i!:l  tht'iri  (j:,  woi  k  for  ACFEL  by 
G.  Leung,  modified  by  field  doto  from  Ala^ika  arul  ntirtliern 
Greenland. 

The  relationship  between  the  air  3nd  siirface  Indexes  is 
quite  complex,  and  for  more  precise  work  it  probably  would  be 
tKni«r  to  use  technique*  now  being  developed  for  CRR£L  by 
R .  F .  Scott .  His  teohntquw  la  baaad  on  haat  flux  prlnclplaa. 
not  dagrae  daya . 


Those  simple  design  mottiods  were  Iiased  i  n  tfn'r;r>'  and  a 
•ubstantlai  amount  of  field  data  compiled  by  the  ACFCI.  staii 
undar  Kanmih  A.  LtawU. 
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APPENDIX  TAUCB 

TiblB  A-4.  Rkysteal  propartlat  of  sandy  tolls  labin  A-B.  Physical  properttas  of  elayny  aolla 


Phvaleai 

Character 

sties 

Thermophysical  Coaffletottta 

Fliyaleal  Characieristics 

TharmoDhvsica 

1  Caafriolaala 

Satu- 

Thermal con- 

Satu- 

Thermal con- 

Unit 

.V't 

Water  or 

ration 

ductivity 

Specific  Heat 

U.^it  Wt 

Water  or 

ration 

ductivity 

Specific  Heat 

1  ft) 

Ice  {%) 

1%) 

(etVft 

hr  °r) 

(Btu/cu 

ft  °F) 

(Ib/cu  ft) 

Ice 

\%-\ 

(*) 

(Blu/ft 

hr  "Fl 

(Btu/c 

Ti  ft  "FJ 

Soil 

Dry 

Thawed 

Frozen 

Thawed 

Froicn 

Soil 

Dry 

ThA  wmH 

a  1  lO  »awj 

f  i  UAiUI  4 

y 

Wt 

Vol 

Sr 

Cu 

Cf 

r 

^d 

Wt 

Vol 

Sr 

Kf 

Cu 

Cf 

69 

67 

2 

2 

3 

0.18 

0.19 

12.5 

11.9 

69 

62 

e 

8 

15 

0.23 

0.27 

17.5 

15.0 

69 

66 

4 

4 

7 

0.25 

0.28 

13.7 

12. S 

75 

69 

8 

9 

15 

0.28 

0.34 

20.0 

16.2 

69 

62 

8 

8 

IS 

0.34 

0.41 

16.2 

13.7 

81 

75 

B 

to 

20 

0.34 

0.40 

21.9 

IB.l 

75 

74 

2 

2 

4 

0,23 

II.  i"! 

13.7 

13.1 

81 

b'^ 

18 

20 

35 

0.40 

0.50 

28.7 

20.6 

75 

72 

4 

5 

10 

0.31 

1  .^h 

15.6 

13,7 

87 

Ul 

8 

10 

20 

0.42 

0.49 

23.7 

19.4 

7S 

69 

B 

'i 

20 

.  . 

M  .  M 

1  -t  .  1 

15,0 

87 

75 

18 

22 

40 

0.49 

0.62 

30.6 

22. S 

81 

79 

3 

6 

c .  ,;h 

0  .  3  i 

1 .& 

14.4 

87 

69 

27 

30 

SO 

0.54 

0.73 

33.7 

23.7 

61 

78 

4 

5 

10 

C.36 

0.43 

16.8 

IS.O 

94 

87 

8 

11 

25 

0.49 

0.59 

26.2 

2i.a 

81 

7S 

B 

10 

20 

0.48 

0  .  b  0 

16.2 

94 

75 

IB 

23 

45 

0.57 

0.73 

32.5 

23.7 

61 

69 

.  b 

16 

30 

0.51 

0  .  7  U 

25  .0 

18  . 1 

94 

75 

27 

32 

55 

0,62 

0.86 

35.6 

25.0 

87 

85 

* 

i> 

u.  jb 

U.4U 

16.8 

15,6 

94 

69 

40 

44 

75 

0.68 

0.96 

42.5 

27.5 

87 

84 

4 

5 

10 

0.44 

0.51 

18,7 

16.2 

100 

94 

8 

12 

25 

0  .  i8 

0  .  59 

28  .7 

22. S 

87 

81 

8 

in 

0,51 

0.71 

21 ,8 

17,5 

100 

84 

13 

25 

SO 

C  ,bb 

0.86 

34.3 

25.0 

87 

75 

lb 

r-, 

0  ,  9 

0.82 

26,2 

18,7 

100 

78 

27 

34 

ts 

0.71 

0.99 

38.7 

26.2 

87 

75 

ill 

i4 

4  3 

0.89 

29.3 

20,0 

100 

72 

40 

46 

do 

0,77 

1  .OS 

44.9 

28.7 

94 

92 

2 

3 

7 

0.42 

0.48 

18.1 

16,9 

106 

loo 

8 

13 

30 

0.65 

0.80 

3  1.2 

24.4 

94 

90 

4 

6 

15 

0,51 

0.60 

20.6 

17.5 

106 

90 

18 

26 

55 

0.75 

0.97 

3  6.2 

26.2 

94 

87 

B 

11 

25 

0.64 

0.82 

24.3 

19.4 

106 

84 

27 

36 

70 

0.81 

I.IJ 

41.2 

28.1 

94 

81 

15 

20 

40 

0.69 

0.97 

28.1 

20.6 

106 

75 

40 

48 

85 

0.87 

1.23 

46.8 

30.6 

94 

78 

20 

26 

SO 

0.72 

1.04 

31.2 

21  .9 

112 

94 

18 

27 

60 

0.84 

l.ll 

38  . 1 

28.1 

100 

98 

2 

3 

8 

0.38 

0.56 

19.3 

18.1 

112 

87 

27 

38 

Of! 

0.90 

1  .27 

43.1 

29.3 

100 

97 

4 

6 

15 

0.59 

0.71 

21 .8 

18.7 

112 

81 

40 

Si 

loo 

0.96 

1 .36 

49.9 

32.5 

100 

94 

8 

12 

30 

0.73 

0.94 

26.9 

20.0 

119 

100 

18 

29 

70 

0.95 

1 .26 

40.0 

30.0 

100 

87 

15 

22 

45 

0.78 

1.12 

30.6 

21  .6 

119 

94 

27 

41 

90 

1.01 

1 .43 

45.6 

31.2 

100 

84 

20 

27 

55 

0.83 

1 . 19 

33.1 

22.0 

119 

84 

40 

S4 

100 

1 .06 

1.51 

52. 4 

34.3 

100 

81 

25 

33 

65 

0.86 

1.28 

36.2 

23.2 

125 

106 

IS 

31 

85 

1.07 

1 .44 

41.6 

31.2 

106 

100 

fi 

13 

35 

0.83 

1.09 

28.1 

20.8 

125 

100 

27 

43 

100 

1.11 

1  .59 

48.0 

34.3 

106 

94 

IS 

n 

50 

0.90 

1.29 

32.4 

22.0 

125 

90 

40 

S8 

lou 

1.15 

1  .t.4 

55.0 

36.2 

106 

a? 

20 

28 

60 

0.94 

1.38 

34.9 

23.6 

131 

100 

18 

32 

90 

1 .20 

1.61 

43.0 

31 .2 

106 

84 

25 

34 

70 

0.98 

1.48 

32.2 

25.0 

131 

103 

27 

S4 

100 

1.23 

1.75 

50.6 

34.3 

112 

112 

100 
94 

15 

20 

24 

30 

60 
70 

1 .03 
1.08 

1 .49 
1.59 

33.7 
36.8 

23.2 
25.0 

131 

94 

40 

60 

100 

1.24 

1.77 

57.4 

37.5 

112 

90 

25 

36 

80 

1.12 

1 .70 

40.0 

25.5 

119 

103 

IS 

25 

65 

1.16 

1.71 

35. 6 

24.4 

119 

100 

20 

32 

80 

1.21 

1.82 

38.7 

25.5 

119 

94 

25 

38 

85 

1 .2i 

1  .9/ 

41.6 

27.3 

125 

109 

IS 

26 

75 

1 .29 

1  .95 

36.8 

25.5 

125 

106 

20 

34 

55 

1 .35 

2.06 

40.6 

27.3 

*V«liaat  of  dM  cooif folmta  (KJ  and 

[C  J  an  olvaa  far  a  taan- 

125 
131 

103 
116 

2S 

IS 

40 

28 

100 
90 

1  .38 

1  .45 

2.12 
2.19 

44.3 
39.3 

28.5 
26.7 

panlum  of  14*F.  Valuos  ofHKJ  and  tCJ  fte  itann  elayoy 
aolla  In  tba  Intarval  fron  21'     U*F  arfeoatnilad  aa  tiia 

131 
131 

109 
106 

20 
25 

36 
42 

100 
100 

1.48 
l.SO 

2.28 
2.3: 

42.4 
46.2 

28  .5 

29  .  7 

man  of  tlie  valuoa  of  (K|}  and  (K^  and  (C J  and  (CJ.  taking 
Into  acoount  ttia  mfman  tMlar  oonlant 

Copyrighted  inaieiial 


FACTORS  AFFECTING  FREEZE  OR  THAW  DEPTH  IN  SOILS 


R.  r.  soon.  CKltfemU  InaUtuM  of  TMhmlevy 


Under  contract  with  th«  U.S.  Army  Cold  Region*  Research  and 
Englneertno  LatarctOfy  (CRREU.  Hanover.  New  Hampshire,  a 
method  was  devalop«<l  which  attempts  to  predict  freeze  or  thaw 
depth  in  any  soil  under  any  conditions  as  a  (unction  of  time. 
The  technique  can  also  be  used  to  investi9ate  the  effect  of 
different  teetors  on  heat  flow  into  the  soil  and  on  thaw  or 
fraase  depth.  Results  of  a  study  of  various  appfoprtata  factora 
and  their  relative  effects  on  the  freezing  or  thawing  process 
are  presented.  Although  the  method  Is  reported  elsewhere,  a 
brief  summary  of  the  calculations  is  presented  here. 

In  Neumann's  solution  to  the  problem  of  ealcnilating  thaw  or 
beese  depth  in  a  semi-  infinite  material  ea  a  result  of  a  sudden 
atap-change  of  temperature  from  below  or  above  the  melting 
point  Of  the  solid  to  above  or  below  the  melting  point  [  1  ] ,  the 
thaw  or  freeze  depth  Is  linearly  proportional  to  the  cumulative 
flux  of  heat  through  the  surface  of  the  medium,  both  quantities 
being  functions  of  time.  The  constant  of  proportionality  of 
thaw  or  freeze  depth  l$  determined  by  the  familiar  transcen- 
dental equation  In  the  Neumann  solution  ar«l  is  dependent  both 
on  temperature  cor.iitions  and  on  soil  thermal  characteristics. 
Heat  flux  Is  accumuiatvU  from  the  time  the  surface  passes 
through  the  freozirvg  or  mcltiny  jmini  of  soli  moisture. 
Neumann's  solution  assumes  thi-  tfrrporaturc  to  be  initially 
tmlform  thrOuyh!:i:t  thf  hnint>g<.'n'-0'..s  mt-rtnirn. 

On  examirir>y  the  results  of  a  [.old  s'.utly  :r.  which  heal  flux 
near  the  rjrojr.a  sijf.ace  iind  thaw  rjcr'.h  in  iho  sail  v/i-;'.'  both 
measured  li!.  ,  a  conipjnson  o:  thaw  jc^-th  with  cumuljtivc 
heat  fl-dx  ih  the  soli  surface  revealed  a  substantially 

linear  fc-iatioijih.F'.    Similar  coTiparisoriS  were  nade  for  two 
other  regions  sti^died  and  a  .Tiore  or  less  linear  relationship 
existed  for  a  layered  soil  ,  3,  4,  5j.   The  relationship  was 
promlslriq  enou'ih  to  warrant  comparison  ol  actual  thaw  and 
freeze  depths  at  various  sites  with  those  obtained  from  calcu- 
lation of  cumulative  heat  ilux  throjijh  the  surface  and  calcu- 
lated linear  relations  bi-rw^tMi  depth  and  the  heat  liux.  This 
w^is  c.inlf'J  o.ji  in  two  subjjequent  contracts  [6.  7]  for  the 
Coipr.  oi  Engineer*  dr.d  results  were  obtairted  which  are 
t>i;ii-!v<  d  to  ba  aufilcMmly  rallaUa  for  awiv  anglnaarlttB 

^:urpo^<*s  - 

Thf  ti't:hnu;.ji-  ronif-i L  ■;<•  s  thi-  lollowmg  steps  with  each 
quantity  being  dc'.ermini'd  over  a  suitable  ume  increment: 
<a)  Short-wave  rad i : i t>na  1  hatt  fliM  rMoliliig  tha  ground 

surface  is  clotrTrr.KU-rt. 

ft)    Albedo  or  .ihsorptivl Vy  o(  uiround  ?;un,Ht;f  Is  _5ed  to 

give  short-wave  ror.iatK:r  .jcutally  r<-c<nvi'i;  .ly  ground 
surface. 

(c)    Long-wave  outgoing  radiational  flux  Is  calculated. 
M   Approximate  evaporatlonal  haat  fttOC  ifOM  grOUfld 

surface  is  estimated, 
(a)    Surface  heat  tran.'.fer  coefljcie.-.t  is  calculated  from 

wind  velocity  ,  -luiirttjc  ro  jgh.-iesa .  and  atmospheric 

stability  conditioiiN . 
(f)    Radiation  temperature  is  computed  by  dividing  net 

heat  flux  received  by  ground  awfaea  fay  aurfaea 

transfer  coefficient. 

Radiation  temperature  Is  added  to  mean  =!ii  lempe.-aturo 
over  Incremental  period  to  get  equivalent  temperature. 

Ui    Nu-ncrlcil  integration  of  t!-.e  convolution  integral  using 
the  equivalent  temperature  and  a  system  function  to 
obt.5in  iKith  cumul.mve  hea!  flux  through  ground 
surface  te.Tiperature  as  a  tunction  of  tine. 

(l)    Surface  tcnper.iture  is  used  to  determine  tlay  that  the 
surface  pressed  through  melung  or  freezing  point  of  the 
iioii  and  tha  hMt  flux  !•  iwlaad  to  aoeiuautata  don 

that  day. 

(j)    Constant  is  computed  relatinij  thaw  cr  (reejLo  depth  10 
cumulative  heat  flux  in  each  soil  layer,  using 
Neumann's  step-change  surface  temperatUBa  aollltlen 
with  appropriate  temperature  conditions- 


(k)  Thaw  or  treasa  depth  is  calculated  as  a  function  of 
ttaw,  uilag  constanta  bom  (j)  and  nvlaad  euouiUttv* 
beat  Qttx. 

This  method  invoWaa  otost  variables  that  may  affect  thaw 
or  freeze  depth.  8o  long  aa  the  basic  assumption  of  tiie 
method  Olvoa  ilaa  to  raaaonably  correct  results  in  practlM. 
tha  tacfaniqvo  ean  ba  used  to  determine  the  effects  of  variation 
of  the  diffacamt  paramalara  on  thaw  or  firaasa  dapdi  In  tyjUal 
situations. 

Since  the  ralatlonahip  of  cumulativa  haat  flux  to  a  change 
in  any  parameter  Is  of  particular  interest  (because  It  is  not 
oxpresaad  in  a  closed- form  mathematical  relation) ,  mSat  space 
Is  devoted  to  the  study  of  heat  flux  into  the  soil.  The  constant 
relating  thaw  or  freeze  depth  to  cumulative  heat  flux  can  be 
determined  mathematically  from  Neumann's  solution  from  which 
the  effect  of  varylnB  caitatn  ioU  thaiml  pmnatava  coo  ba 
calculated. 

Convolution  Integral  solutions  were  obtained  both  by  hand 
and  by  computer;  different  time  increments  were  also  used  in 
different  studlaa,  but  thay  bav*  llttto  alonlfloBnt  offaet  on  tha 
analyses. 
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Fig.  1.    Computed  versus  measured  ladiauon.  Barrow,  Alaska 
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BTRCT  or  VAMOUS  rkCTQRS  OM  HUT  FLOMT  INTO  SOIL 

Quantitative  dependence  of  heat  flux  on  a  given  factor  is 
Innuenced  by  the  physical  parameters  associated  with  a 
particular  site.  The  result*  cannot  always  be  generalized. 

Incemlna  Heat  Flux 

Th«  haat  flux  used  In  calculating  radiation  and  aquivalant  tam- 
penturas  can  vary  bacaus*  of  a  differonce  in  incoming  thon- 
wBvo  radiation  as Bumad.  variations  in  long- wava  outgoing 

radiation,  or  the  heat  (lux  attributed  to  evaporation,  and  air 
temperature.  The  effect  of  varying  any  one  Of  thaaa  paiama- 
ters.  as  well  as  cloud  cover  foctora  and  ground- surface 
absorptivity,  can  be  studied  by  changing  the  amount  Of 
haat  flux  In  cumulative  heat  flow  calculations. 

At  a  given  site,  the  measured  incoming  short-wave  radia- 
tion IS  used  if  available  locally  or  If  data  can  be  extrapolated 
from  observations  made  nearby.   However,  In  many  cases  the 
only  observation  at  the  site  is  that  of  cloud  oOvaror  per- 
centage possible  sunshine.  Iixnmlng  short-wave  radiation 
IS  then  estimated  (rocn  a  computed  theoretical  clear  day 
radiation  curve  and  cloud  cover  factors  based  on  previous 
Studies  '.  \  .  ■ 

At  Bariovv,  Alastd.  ;ht'  measured  amount  of  short-wave 
radiotion  (including  cloud  cover  rfii-ci-;)  Aa-;  substantially 
different  (Fig-  1)  from  values  computed  usmy  a  theoretical 
clear  day  Incoming  short-wave  radiation  curve  and  previous 
values  for  cloud  cover  factor.  Two  calculations  were  there- 
fore carried  cut.  nn.:  ir,v"lvi conrutrd  incnn-iiny  ■•.h:>r*-wavi. 
raciiai:nn.  an-i  the  other  usir^y  rncnsurod  inco:nitiy  r.-idia!-t'-':t 
at  Biirro-.v.  Th-j  difference  between  the  v^n  r.?s..ltiriy  r.:r.'fi 
(Fig.  2)  arises  substantially  from  this  reason  (a  sligh;  rCiu-t) 
also  arises  from  a  different  consideration  of  the  surface 
transfer  coefficient  avoragir.g  tn  the  fAro  methods)  -  Ci.mul,itivf 
heat  iiux  b--if.''d  on  computed  ;i::":onin'j  s-'iOrt-wnvi-  r.iili.itior. 
develop::  iriuch  more  slowly  thdn  thnt  fio.n  ni-=..''.i_ied  ir.irQmir'.*^ 
radiatJor.  .md  ,ilt.-.ins  .1  '.mIui'  .ipt;rox;m,-it'dy  1  SX  r.n-.nlliT.  II 
the  actu.5;  source  of  the  di'foronrc  tx/two'-n  incorr.ir'rg  ho.it 
fluxes  '.3  dir.rry  nd'".;.  the  difference  could  then  be  j:tributcd 
to  diffcnny  assumci  surface  absorptivities  or  10  j  charge  in 
.-irr.ount  o!  er.tiiri,ilCL:  c.Mpor.iti^in.   (Koto:  Fiys.  2  ;hrough  8. 
Comparisons  of  cumulated  heat  fluxes  tor  specific  seasons  of 

8i«lac«  Alhado 

At  Hair,  Main*,  doulit  aioas  as  to  tha  actual  tlna  varlatlOD  of 
■mar  eovar  at  a  thannooaupla  MraiaUyi  whaw  dapih  of  iraase 
was  to  be  naaaived,  In  oontreat  to  a  waatheir  alatlon,  when 
mataoRilagleal  obawvatlaoa  wwa  mdo<  Oomaaquantly.  two 
dlffenHit  snow  eovars  wvra  •■■wBed  lor  tha  oaleutottona;  lhaae 
gava  iIm  to  dlilmM  turtoc*  admptlvltlaa,  to  dlffarant 
•hort-waiva  fadlatlmal  •■eunta,  and.  ultlmataly,  to  diffarant 
liMoning  haat  flaxaa.  Tha  two  euivas  (Fig.  3)  for  tha  aama 
VBlua  of  Biaan  annual  air  tanparatura  but  dlftarant  anew  eevar* 
indieata  tha  affaet  of  dlffarant  albadoa.  Tha  raault  dapanda  on 
tha  aita  and  dlatnbutiena  nsiuaiad  and  oaniwt  ba  aaalgnad  a 
quantltattva  valua. 

At  ena  alta.  lat.  M  76^33'  thaw  dapth  was  oaieulatad  for  an 
alrOald  aurfaead  wltii  biaek  top  aaphalt  wtesa  albado  waa 
■saunad  to  ba  0.90,  Midway  thietigh  tha  thawing  aaaaon  an 
attanpt  waa  wmdm  to  ivduoa  tha  tfaaiw  dapih  [O]  by  paiatlaa  the 
paveaunt  awfaoa  wWta;  tha  aaw  auiiaoa  albado  was  takaa  to 
ha  0.40.  Tha  af toot  of  this  taetor  en  fhaeumulatlva  haat  flux 
through  9iound  aurftoa  la  ahown  in  fig.  4. 

Evaporation 

Determination  of  tht;  yu,=itit;ly  or  -^va por.itlor.  Irom  a  natural 
ground  aurldict:  13  at  lea?;!       dlliicult  as  any  iMher  heat  flux 
calculation,  but  comp^rod  with  total  incorr-ing  heat  flux, 
changes  In  estimated  evat;oi -stion  on  ih.-  order  of  SO  to  I00*>  in 
different  Increments  repretier.t  o  relatlv-dy  smoll  pprturbation. 
A  method  Inr  t  omp'-".;r^  ni'an  monthly  evafior.-it;or.  is  Oim- 

ployed  whaia  both  average  temperature  and  amount  of  precipi- 


tation axe  talcen  into  account.  This  technique  of  accounting 
for  avapotation  is  not  axtranaly  accurate,  but  it  apparently 
gives  sattsfactofy  results  within  tha  limitations  of  the  method. 
The  results  aniear  to  be  consistent  and  are  also  consistent 
with  a  previous  observation  [  l]  that  on  days  when  ground- 
surface  temperature  is  higher  than  air  temperature,  heat  loss 
due  to  evaporation  is  approximately  the  same  as  that  lost  by 
aanslMa  haat  transfi^r  to  the  air.  piovldad  that  moisture  Is 
available  in  the  soil.  The  resulting  change  inanmuntef 
evaporation  is  shown  in  rig.  s. 

A  change  in  evaporation  was  studied  specifically  for  an 
Alaskan  site.  In  one  computation  a  value  of  400  Btu/sq  ft/day 
outgoing  haat  flux,  due  to  evaporation  throughout  luno  was 
uaad.  Results  of  the  original  coaiputation  indicated  that  tlila 
valua  might  be  too  high .  A  second  value  of  250  waa  tharefora 
assumed  and  apfkUed  In  a  subaequent  calcnilatlon.  ftia  tesulta 
are  given  in  Fig.  S;  the  difteence  appears  to  be  relatively 
snaU.  The  effect  was  most  marlcad  In  June  but  diminlabad 
eonaldembly  by  the  time  tha  peak  cwnulattve  heat  flux 
quantity  was  vaaehad  in  earty  Auguat. 

aiwfaee  Tranafer  Coafftolent 

The  estimate  of  surface  transfer  coefficient  depends  jpon  an 
assumed  value  of  atmospheric  stability  for  each  day  con- 
Mri.nfd.    Evvn  within  one  day  the  atmospheric  stability 
conditions  vary  from  stable,  through  neutral,  to  unstable,  and 
back  again  so  that  the  choice  of  average  values  of  stability 
presents  a  difficult  problem-    However,  most  of  the  heat  trans- 
l-'tied  Ir^im  ground  to  air,  or  vice  versa,  durint;  a  day  flov/s 
dunny  atmospheric  instability.   Very  little  heat  is  cond-cted 
when  the  air  is  stable.  Conset^-.^rtly    conditions  01  instability 
arc  of  most  interest  in  thaw  or  freeze  depth  studies.  When 
hano  corrputations  were  e.itrifta  o.t,  the  air  was  assumed  to 
b'?  stable    unstable,  or  m-.j-.r^l  acTi  ordlng  to  whether  the  heat 
reachir.g  '.he  ground  ■.i..:\ari.-  indorr  [-unulatlve  heat  Calcula- 
tions were  begun,  was  n<-qa;ivi!  (oniijoing),  zero,  or  positive 
(incoming)  (i\egatlve.  z.  ro ,  nr  pcaiiv!?  j.-idl.5tlon  temperature) . 
Previous  studies  have  slvowr.  that  stability  and  net  heat  flux 
co.Tespor.d  closely  when  the  air  and  oaloulatad  aurfua 

temperatures  were  compared. 

The  que.stion  t.^erefore  arijies:    To  what  extent  dofj  ar- 
averaging  o:  the  sutlot-e  :rrii..;:er  coefficient  for  several  days 
affect  the  ri^sults  when  ar.  ictual  .lay- to-day  (or  hour-to-houd 
variation  in  .atmospheric  stabulty  occurs?  Two  studies 
examine :1  this  question  in  part. 

In  one,  atmospheric  stability  was  evaluated  c^ily  for  calcu- 
lating equivalent  temperatures;  these  were  averaged  over 
10  day  Increments-    In  a  comparable  solution  all  paiameters 
were  irutlaliy  averaged  over  1  U  day  incre-Tients .    A  OOOWaitaon 
of  the  curidlative  heat  fluxes  is  shown  in  Fiij .  6. 

In  another  study,  a  computer  was  used  to  calcuate  th.? 
cumulative  heat  flux  on  the  basis  of  1  day,  !0  day,  14  day, 
and  .''D  day  incremental  averages  of  all  data     Tn.  7  shows 
the  smoothing  effect  of  lonijer  Increments-    Although  pi'ia'. 
cumulative  h.i'at  flu-x  i-s  somow-iat  redLced  arid  occurs  some- 
what later,  the  effect  is  not  qre.it.    For  hand  computational 
purposes,  the  mote  desirrtbU-  longer  tnorenama  4o  not 
suli^iantlally  affect  thi:  results. 

B<><Mu;;e  the  surfai;<'  u.^rmter  coefficient  is  c.iJcu..3t<!d  only 
m  the  rr.jiiest  way  from  win.!  velocities,  s'jriace  rouyhness, 
and  st.'ibilily  rorulit.onr":  .9],  dcpt-nut-nry  ol  cumu^Atlvr  heat 
flux  on  the  value  o;  Ihi'  surface  transfer  roi^ffu-irnt  was 
Investigated  at  roirchild,  "A'o'ih-  ,  where  the  fiee.uny  season. 
In  particular,  was  considered.  A  change  in  surface  transfer 
coefficient  car.  be  asilgnad to any  ona OT a cooiUaatlon Of 

the  above  conditions. 

Some  uncertainty  arose  about  assigning  a  value  of  atmos- 
pheric siaful.ty:  therefore,  two  com(iuter  calculations  were 
-T-.ade,  each  u5.ny  a  different  valjc  for  the  factor  relating 
surface  transfer  coefficient  to  wind  velocity.    The  tA-o  values 
rcspresented  unstable  and  stable  atmospheric  con.iitions 
throughout  the  season.    In  Fiy.  Si  a  ccrnp-arlson  of  the  rcs'-lts 
shows  that  '..rdor  the  conditions  at  Fairchifd.  a  surface  trans- 
fer coefficient  four  times  larger  gives  a  cumulative  heat  flux 
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raduead  to  ■bout  M«  of  that  etolmd  with  the  lomr  oaiwter 
OMffleMiii.  Ducino  th«  wtuMr  th*  air  it  sananUy  wumr 
than  tba  giound  aicfaea.  A  highar  tnnafar  eoaiflelaiit  radueaa 
tha  anouM  of  baat  tkm  out  of  tha  awiiea  and  oonaaquantly 
tadueaa  tha  baaia  daflfa.  Altanatlvaly,  tha  ehanga  in  tianf 
Car  ooafaelant  oouM  alae  ha  atttibulad  ta.  for  axaapla.  tMnd 
valocttle*  diffsrinff  by  a  faeior  Of  twr. 

Mean  Annuai  Tf-ii.iJt!fatLfe 

One  study  rt •{riutamed  the  effect  of  tn<-!  mean  amLidl  an  tcm- 
paiatur*  on  th«  cumulauva  haat  (lux  calculated-  At  a  sit* 


whara  toaaia  dapth  waa  oaleulatad,  a  dJfteranea  in  maan 
•Dimal  taaipaium  of  about  3*F  raaultad  la  a  difteranea  of 
S  to  IQK  in  eufluilatlva  haat  Oik.  lha  highar  eunulatlva  haat 
fliw  raaultad  fana  tiM  highar  aaan  aaatial  air  tampemtun  with 
all  other  conditions  rttmalning  tha  aaaia. 

Sc.i,  TUfrrfaJ  T'j ; : .  :v  .ty 

Ttu^rn-.rtl  dl(f-jsK'ity  o!  the  top  layer  of  soli  affects  calcLla lions 
for  cumulative  hi-ot  Mow.    Slno<»  iht:  soil  chaiiq<^s  sl.itf  during 
the  soason,  there  wcrr  two  dltloronf  valui'S  of  th<-rmol  diffu- 
sivity  used  tor  aitcs  tn  Alatka  where  thaw  depths  were  being 


Fig.  6.  Natural  cover,  Fairbenka,  Alaska  (thaw> 
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•tudled.  The  two  values  were  appropriate  to  the  {roznt.  an  J 
thawed  state*  of  the  soil.  An  increase  in  thermal  dillusivity 
by  a  factor  of  almost  four  at  one  site  resulted  in  a  small  and 
increasing  difference  between  the  curves  of  cumulative  heat 
flux.  The  peak  difference  amounted  to  approximately  8%  under 
the  conditions  studied.   The  higher  value  of  the  dlffusivlty 
gave  rise  to  the  higher  value  of  cumulative  heat  flux. 

At  another  site,  two  values  of  dlffusivlty,  differing  by  a 
factor  of  3.5,  gave  a  larger  effect  on  the  curves  of  cumulative 
beat  flux;  the  difference  in  peak  values  waa  2i  to  30% . 

FREEZE  OR  THAW  DEPTH 

To  oMaln  th*  feWM  or  thaw  daptfi  ton  th*  i 
tlv*  hmt  fltK  throHgh  tlw  giouiid  vuitoe*.  0i«  i 
tun  eufva.  caloulaMd  torn  the  first  part  of  the  i 
MduMd  to  an  •qutratent  step-change  o(  temparatw*. 
nagnitudo  waa  ofeteulfttsd.  TS»  gieuni  taapantun  phnt  v» 
Out  study  was  asaiiiaad  lo  te  tniftxB  and  tha  shm  aa  tha 
flMan  annual  flnund  tasipantura.  Tha  naan  annual  ground 
I  mad  not  ba  tha  san*  as  tha  aaan  annual  air 
I  at  a  9ivan  alia.  With  the  vaiuas  of  aaan  annual 
giound  tenpereturei  aqufealaM  atep-changa  surfaBa  taaipan* 
tun.  and  thanMl  pmpartlaa  of  aoch  aoU  layar  balng  dater- 
mlnad  bom  Its  phyaloal  dhaiaetartstles  of  %»atar  oontant.  dry 
unit  weight,  and  aoll  type  [l03.  tho  constaat  ralUlng  Hunt  or 
freese  depth  and  cumulative  heat  flux  can  bo  fsnnd  ly  trial 
and  error  solution  of  Neumann's  mnaoondantal  aquatkM.  A 
relationship  can  also  be  obtained  batween  the  ountilatlva  hack 
flux  aitd  tha  thaw  or  freeze  depth  in  Neumann's  solution 
A  different  constaitt  pertains  to  e«ch  soil  layer  in  the  region 
of  interest. 

A  chart  was  thwi  prepared  for  the  site  on  whldi  a  wdrktng 
curve  was  dia«m  of  cumulative  heat  flux  versus  thaw  daplb 
in  straight  Unas  at  slopes  determined  by  computed  heat 
flux'thaiw  constants  for  the  soil  layars. 

Oontalnatlon  of  the  colculatad  boat  flux  through  the  ground 
autlhoa  itom  tha  tima  tha  surteea  first  passes  through  the 
mattlns  or  froadng  point  of  soil  moisture)  with  the  working 


curve  gives  variation  of  thaw  or  freeze  depth  at  a  given  site. 
The  effect  of  differing  soil  propartlas  CC  thermal  character- 
istics on  this  relationship  can  ha  aaanmost  readily  from  an 
Inspection  of  Neumarm's  equation,  since  the  heat  flux-thaw 
cjcpth  relationship  depends  only  Slightly  on  the  results 
(surfoco  temperative)  of  tha  cumulative  heat  flux  evaluation. 
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CONTROL  OF  FROST  PENETRATION  IN  NORWAY 


av.  mVEN-HAVG,  GeoteebnlCBl  Departaieni  or  Nofw*gl*n  tollways,  Nonray 


Apart  toai  artifieial  hMt  aupply  wa  know  of  two  nathods. 
dlffeflng  in  principle,  far  pravantlng  the  deatnietlve  effects  of 
beat  penetration  In  the  aoU. 

One  coaalsta  of  preventing  the  aero  Isotherm  fiom  penelnt- 
Ing  Into  tnst  susceptible  subsoil  so  that  destructive  hesvlng 
does  not  occur  during  the  wlntsr.  On  mds.  railways,  and 
open  places  this  can  be  eftoetad.  if  nscessary,  by  adding 
layers  of  frost  resistant  matailals.  On  exisUng  plants, 
nislng  the  surface  la  usually  tte  nest  economical  solution. 
If  the  surfaca  camwt  be  lifted,  ftan  tha  axlstlng  subgrada  is 
broken  up  and  fkoal  suscapubl*  adl  is  raplaeed  by  nonfrost 
susceptible  materials.  If  these  materials  are  such  that  frost 
does  not  penetrate  them  to  the  same  extent  as  the  local  soil, 
tost  isolation  is  achieved. 

The  other  method  oonaltta  of  preparing  the  local  aoU  so  as 
to  prevent  lee-lena  farstatlon  during  itaealng.  Because  tbm 
destnictiona  are  due  to  Uie  water  pitaae ,  effort  Is  ooneentiatad 
on  altering  dte  water  piopertlea,  leplaclng  It  by  aoaiafUng 
else,  or  removing  It.  This  nondestructive  method  has  many 
attractive  features.  Adding  different  salts  xa'.es  the  pore 
water  stlffer  and  more  sluggish,  thereby  preveriur.j  Jens  for- 
mation.  Further,  an  admixture  of  cement,  bitumen,  or  resin 
clearly  has  «  lavorabie  effect.  The  best  procedure  would  be 
to  use  injection,  but  this  is  impractical  because  fine  grained 
sou  Is  impeivleus  to  injection— and  alt  frost  susceptible  soil 
is  (in«  gtninffd.  tor  the  same  reason  It  Is  impossible  to 
remove  water  by  draining. 

For  the  present  we  are  forced  to  adopt  the  first  method— 
diat  of  providing  a  sufficiently  thick  fiost  Isolating  stratum 
oomprialng  frost  roslstant  OMtariala. 

FROST  PREVENTIVE  WORK  ON  NOHWEGIMI  MATE  RMLWAYS 

Railways  buUi  ir.  Norway  prior  to  1915  had  a  0,S0  m  bearing 
layer  of  gravel.  These  layers  did  not  afford  adequate  protec- 
tion against  frost  action  on  sllty  soils-  Extensive,  uneven 
bost-heavc  required  costly  maintenance  shimming  durirtg  the 
whole  winter  period  and  the  subgrade  proved  to  be  unstable 
during  spring  thewing.  Giiivol  foundations  h«vu,  however, 
one  great  advantage  ovrr  stone  foundations.  The  s«ndy 
natural  gravel  is  an  excellent  filtering  msierial;  the 
boundary  between  silt  and  gravel  after  SO  to  100  years  Is 
still  sharp  In  spite  of  undulating  sutigrade  dDfomatlons. 

Where  ooiidltlons  ere  favorable,  the  track  is  raised  with 
natural  <jra-  el.  Because  the  tracks  must  be  raised  eoaalder- 
•My  (1  ■  0  to  15  nO  ,  several  reasons  preclude  raising  as  the 
genoral  method.  Apiong  these  are:   Frequent  ooeurrence  of 
high  embankaiantB  vMch  must  be  widened:  Ikvquent  occur- 
rence of  nmuntain  tunnela  which  must  be  Inersated  in  height: 
and  roeeiM  shortage  of  notusal  gravel,  the  only  material  that 
can  be  oonatdarad  for  axtanslve  raising. 

This  Is  the  background  of  very  extensive  mass  replacement 
woik.  I.e. .  the  excavation  of  tost  susoaptlble  soil  too 
sufficient  depth  and  raplaeamant  with  nontoat  suseeptlbla 
natarlals.  The  eim  is  a  ahlmlass  track .  even  In  tho  severest 
winters.  Work  began  in  aainast  In  194S.  and  since  19$7  has 
baan  liitanalfled  by  the  decialon  to  use  btokon  stOM  iaslaad 
of  gnirai  as  ballast  on  all  the  older  fallwaya.  Ihara  is  mas 
repUoasiant  of  25  to  30  km  par  annum  on  one  track  oporational 
rallwaya.  bi  addition,  raiaing  la  partermad  vrhaiavar  tost- 
beave  la  aiodarato.  HepeAilly,  the  Nenwaglan  Slata  Railways 
will  have  tostixaof  subgrade  by  1M8  or  1970. 

Materials  or  cOTibiri.ntiDns      matrn  ils  arc  sclcctL-iJ  !hjt 
havn  <j  tcta!  Sayer  thicsnoss  subswr.tioi'.y  )c!s^  th.m  ih'-  trcst 
depth  ir  the  local  natural  BOU.  Mass  rcplaccn-rnt  is,  thorc- 
fore,  a  d-.stinctly  frcst  Isolating  process,  with  sTnall  oxjva- 
tion  depths  and  thin  r.ziplacement  l.sycrs-    Loy.?r  thicincss  is 
dimensioned  according  to  engineering  calculations:  for  bottom 


layer,  natarlals  with  high  frost  espaclty-lhat  is,  high  water 
oontani— sttcfa  as  peat  <4phagnuai},  wood  (diaoarded  sleepers), 
and  bark  «*  used. 

An  axhauatlva  account  of  the  frost  preventive  work  of  the 
Nofweglan  State  Railways,  including  a  historical  survey, 
thaoratleal  postulatos.  practical  axecuuon.  and  experiences, 
has  been  puUI  shed  C 1  ] .  This  report  is  confined  to  a  brief 
extract,  suppleownled  by  more  recent  axperimeiMal  nsults. 


CALCULATION  OF  FROST  DEPTHS 

The  Norwegian  calculation  of  tost  penetration  In  sell  [2]  is 
probaniy  the  firat  scdenilfically  based  method  which  has  found 
prscucal  applieatlnn.  The  algnlfieanea  of  air  taapamtiira  for 
frost  penetraUon  Into  soil  Is  expreaaad  nusiarleally  as  the 
frost  volume  iTj)  which  is  calculated  as  «ha  noduet  Of  tlma 
(hours)  and  degrees  Centigrade  below  aero  l-*0) . 

In  the  time  the  frost  takes  to  penetrate  dirougAa  layer  Of 
material  of  indermlnate  depth  from  its  upper  to  losfer  auriMOa, 
the  pan  (fl)  of  the  total  frost  volume  (F)  la  used  tip.  Frost 
resistance  of  the  layer  is  thus  O.  The  sum  of  the  tost  rasiat- 
enoe  (SfU  oi  suvcral  i.u  per  Incumbent  layers,  which  ore  froamn 
during  the  wtmer.  is  equal  to  the  winter's  frost  volume  (F). 

By  making  certain  simplifications,  namely,  by  disregarding 
heat  radiation  and  the  earth's  best,  which  have  opposite 
signs,  the  tost  volume  can  b<?  ciicuiated  torn 


r'U'l(i'i:^)] 


with  the  units.  hour'C  where  0  is  thickness  of  the  layer  in  m 
4  is  celd-abseri>tng  eapaelty  in  kilocal/ cu  m:  X  Is  heat  con- 
ductivity In  kllocBl/m  hour  *C;  a  is  factor  of  heat  transition 

between  surface  and  air  in  kilocal   sq  m  hojr  C-'  arxi 

^  is  heat  penetration  resistance  of  superincumbent 
*o  „ 
ieyers  in  sq  m  hour  C/klloeal. 

The  constants  (X  and  q|  for  fte  material  can  tm  daducad 
from  Figs.  1  and  2  [  2]  If  the  water  contant  (voluiaa  paceont^ 
ag«) .  %»hich  the  soil  layers  have  or  eequiia  during  lha 
froesing  process,  is  known. 

In  tto  followtng  ealeulatlona.  heat  tiansltlon  raslstanoa 
(l/«t  botwaen  air  and  surfaee  ta  also  dlsragaidad. 

The  aaiount  of  tost  absorbed  by  the  upper  layer  of  aiatarial 
and  equal  to  the  layer's  tost  raalstanoe  is  based  on  these 
prasup(>osiiions 

"1  «1 
**>    Xj  2 

In  an  underlying  layer  of  thiokneaa  t^,  ^  toat  nalatanoo 


"2     "2  "i 

For  a  layer  lying  below  this. 

,2 


the  toat  raalatanoe  la 


=  l3  ^3  ♦  a  a  (^-^ 


Exreeaatng  the  tost  raalstanoe  of  all  the  superiocunbant 
layers  with  the  prescribed  layer  thickneaa  aa  and 
assuming  that  the  remaing  amount  of  toat  (f  -  Sh^  la 
absorbed  entirely  by  an  undarlying  layer,  e.g. .  a  fioat 
retarding  roplacamant  layer,  then  tiw  raqutod  thickneaa  of 
the  latter  is  computed  by 


2^  (r  •  ta^ 
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Tl9-  2.    Frost- storing  capacity  q  =  q(  ^  q,  computed  for  the 
tenip*rature  Interval  +2*C  to  -Z^C,  where  qj  is  due  to  water 
and     to  dry  material;      is  maximum  value  Ot  the  matarialt 
iiwaatigated  (found  in  cobble  stones) .  The  mlnlmua  valua 
(dnatf  fiaad  la  about  1/10  of  the  maximum 


The  method  of  ralc.jla!jon      h,T;c:l  on  the  constancy  of 
water  cor.ti-r.t  Juiiu;  i:<-<-zu-iq.    Thi'i  ■luppQsltlOn  Is  nr.ii 
correcl  n';  ii;gf.rd;;  nonlrost  suscepliLiii!  materials  us-.t-d  i.-j  Ircst 
resisteit.t  foun  i-.tlons.  Agreement  between  coltul.itn-l  '.na 
observcil  frost  d!:plh  h.is  h<?en  very  good.    In  :'rnst  ;'jscf-;i!ihlo 
ground,  or.  the  other  hani::.  fjU  o;jrf?>-?rnpr.t  cannot  b<?  expected, 
as  It  Is  imfyissiblc  to  fnresee  how  m'^ch  wotcr  will  be  su;ipliud 
during  Urrzir.g.    Th-?  v/Gte-r  vcJ  ^n;p  sufjplied  (ice- l':?nses) 
depands.  among  other  things,  on  air  temperature  fluctuations. 


DEnGM  or  HBnACBMBNT  UVBtS 

The  amount  of  winter  cold  greatly  influences  frost  depth.  Tht 
effective  amount  ol  cold  for  frost  formation  during  a  winter  (f) 
is  expressed  numerically  as  the  product  of  time  and  degrees  Of 
cold  boa  an  autumn  date  when  the  amount  of  cold  begins  to 
aeettnulate .  until  a  spring  date  when  this  accumulation 
ceases.    Deductions  are  auide  for  Intervening  periods  Of  mild 
weather.  The  units  (hoar  "Ci  ara  houra  mulUfdlad  by  dagxaaa 
Centigrade.  With  good  approximation,  a  wlntar'a aamntt of 
frost  (hour  "C)  can  be  computed  empirically  by  (tj*t2  +  t3*  .« J 
720  +  3%,  where  t^ ,       tj,  etc. ,  are  the  avaraga  aionlfal^ 
temparatiaaa  for  aiondia  having  an  avaraga  tamparatm  balo«r 
zero. 

For  practical  use  in  frost  dimensioning,  a  chert  of  Norway 
was  prepared,  showing  curves  tor  both  maximum  (Fmax) 
average  ^T^^^j)  amounts  of  cold. 

Experience  has  proven  it  unnecessary  to  base  frost  isola- 
tion design  (or  railways  on  the  maximuffl  aiaount  of  cold.  On 
the  other  hand,  frost  Isolation  «rould  be  Inadequate  and  would 
freeze  through  on  an  average  Of  every  second  year  if  it  were 
designed  only  for  the  mean  amount  Of  oold.  The  isolation  Is 
therefore  designed  to  freeze  through  OBCa  every  20  years. 
This  is  justified  by  the  fact  that  cold  winters  give  drier  and 
more  isolating  ballast  layara.  Experience  also  shows  that 
harmful  heave  does  not  occur  unless  frost  substantially 
penetrates  the  subgrade. 

By  statistical  treatment  of  the  meteorological  materials 
[3],  the  degree  of  frequency  of  amounts  of  cold  is  linown, 
and  the  amount  of  cold  (Fl  with  frequency  5%,  i.e.  ,  occuirlng 
every  twentieth  year,  can  i>e  confuted  (io.ti  either 
r  ■  F  ♦  0. 6  (r  -  r  or  from  F  .  0.82  F_ 


Table  I.  Mean  figures  for  design  of  Norwegian  Railways  frost 


HjO  vol. 

Haaf* 

QOnduGttvl 

Ity.  CSdU  ataitng* 
 mt^JL. 

Snow- lea 

^  0.56 

Gflavel  toUaat 

13 

0.00 

13.300 

Biokea  slona 

ballait 

8 

0.S7 

9,000 

LocomoUva  elndara 

(Inoludlng  agM 

20 

0.40 

17,400 

Past 

W 

i.os 

68.000 

Bark 

n 

1.00 

82.000 

Gmval 

13 

0.00 

12.300 

Stona 

8 

0.S7 

7,800 

Clay 

4S 

1.6S 

39.000 

^VUuat  for  X  and  q  i 

in  dartvad  1 

Don  Plgt.  I  and  t. 

Diagrams  have  been  prepared  for  the  design  of  soil  replace" 
ment  layers,  for  differing  local  frost  volumes  (F) .  and  for 
various  types  of  replaceiriont  materul. 

Fig.  3  gives  the  .'•equisnc  excavation  depth  and  layer 
thickness  for  stone,  'Travel,  cinders,  tart,,  or  peat  L.nderrwath 
the  forrnatior.  with  superl.'icuniber.t  brok-en  stone  ballast.  The 
calculation  ;s  based  on  a  .'i^penncunibent  snow  and  ice  layer 
of  O.Ut  ni  sfter  the  ballast  layer  is  r'rozen,    Peat,  which  can 
retain  much  wt^ter,  req-^lres  the  least  thlo.ness  and  m  de- 
cidedly the  best  (rosl  ft;tardir,g  motenai.    Engineers  have  a 
theoretical  confirmation  of  the  excellent  results  sho-.vr.  by 
practical  experience.    Use  of  gravel  requites  lartjitr  thickness 
because  it  accommodates  only  a  riod<v;t  w.iti-i  [  onti^ni. 

If  for  «n  aver.5ge  oold  locality  m  Nowriy  a  ircit  ti;:?:Mtant 
s'.;bjrjde  Is  dimensioned  '.or  ■>  :rnst  amo.jnt  ot  3S,LIU0  hOni°C, 
the  fci;tnw;nq;  l-iyer  thicknesses  are  read  off  lor  the  rvittom 
l.-.y:  lij  jiiiliTMiMth  O.S  n  o'  hro.-.(_Mi  •itone  Ij.i  1  l,i         1  .  ?  m  of 
stone."   1.4  m  of  gr.ivel.'  Ci . 'J  n  of  lo-omotivi-  rjrvtrr.';,  and 
0.4  m  of  peat,  wrioil .  ;>t  IwrV. . 

The  greatest  :ccv:rti;:n  in  frost  depth  is  obt/imetl  by  using 
a  dry.  Isnlatmy  top  layer  .^rd  a  moii;t  lioitorr.  layer  with  a  veiy 

large  cold  storing  capacity.  On  railways,  roads,  artd  open 
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peat  under  the  fofmUon  With  supeiliieimlwnt  O.S  ■  biolMii 
■tone  tellaat 


plMes  in  NoTMray,  It  Is  beet  to  have  a  well  drained  bearing 
layer  at  the  top,  and  a  %*et  undralned  bottom  layer. 

Tor  roads  and  open  places  it  may  be  convr^niont  to  use  a 
slightly  underdlmensioned  frost  Isolation,  provided  a  moderate 
heave  can  be  tolerated  in  an  excwjjtlonally  cold  winter  and 
that  the  roadbed  u  sufttdemly  thick  to  prevent  breakdown  of 
the  tubgnde  dwlng  thawing. 


DURAb;:      and  dcformatiON  OF OMGMnC  MATBRWU  IN 

FROST  RESISTANT  FOUNDAnONS 

On  the  NorA'egian  State  Railways  It  Is  safe  and  propet  to  use 
(in  a  frost  resistant  foundation)  organic  materiiil;;  with  high 
water  retention  propertlof.  that  require  a  minimum  of  excava- 
tion depth  and  layer  thlcltness.    The  lof.'  ol  Fig.  ■!  shows  the 
use  of  peat.    Tiie  peat  mat  Is  made  ol  ready- piesstvd  blocks 
l.Omlong.  0.  5  m  wide,  and  0.  3  to  0.  S  n  thi  -  ■  .  i.pcndlng 
on  loci>l  liost  volume.    The  middle  of  Fig    ■?  shows  the  use  of 
discarded  wnodcn  sleepers,  which  have  previously  lain  up  to 
25  years  In  the  track  and  which  suil  contain  some  creosote- 
Norwegian  pine  sleepers  contain  considerable  amounts  of 
heartwood.   At  the  bottom  of  the  figure  !s  shown  the  use  of 
spruce  or  pine  bar'',  which  wa."!  pre-ised  ;n  advance  ri;,  site. 

Systematic  u.ie  of  oiganlc  materials  in  the  foundation  i-S 
probatiiy  unique  for  Nor/.'ay,  and  a  detailed  account  of  the 
method  '.vilh  the  lete.st  otviervatlons  xay,  therefore,  have 
interest.    N.jtur-air/  some  doutit  n'.fiy  arlr:t'  aljou;  the  durability 
of  orgaiuc  materials,  and  some  fear  be  entertained  or  the 
poeeltalUty  of  extaaalva  elastic  i 


Peat  probably  does  not  rot  beceuae  In  both 
winter  It  Is  •tn»st  sattinted  with  wstar  and  bss  •  ecenty 
oxygen  supply •  In  ptoms  were  ftost  Isolation  Is  needed,  the 
subgiads  Is  nolst  and  the  eaptllaiy  ilsa  In  oosiptasssd  psat  is 
aquBl  to  «r  giaatar  than  tha  thloknsss  of  tha  psat  awt.  The 
sMan  annual  air  tanpaiatyfa  whara  pant  is  used  is  low 
fO^  to  (^0«  All  thaaa  tectora  gtaatly  raduea  baetailal 
activity. 

Pig.  S  shows  tacapetature  assiuraaaiWi  in  the  air  and  la 
tiM  psat  Slot  during  tha  last  fiva  yaara  at  Otis  on  tha  Oovia 
RaUway.  Otia.  sltuatiBdlaanlid*ndairaa2tlaialsnabeva 
aaa  laval.  la  a  xalatlvaly  cold  place  OA  His  Meiwaglan  teta 
Rsllways. 

Tha  eioss  soetlan  <Fig.  9)  shows  that  alaetrte  tbenBoneters 
wsva  bidlt  into  tha  paat  aat  wtUi  a  saparlneunbant  O.SS  m  of 
ballast.  In  W»  and  l«U  tha  l/tk  was  islsad  0.05  and 
0.20  SI,  iaspaatlvaly>  so  that  tha  tbWknass  of  bsllast  atlar 
1061  baesaa  0.80  a.  Loceowtlva  oindsfs  In  tha  bsllast,  as 
In  this  oasa,  aia  not  usual.  Giaval  or  bsokaa  ateos  is  laid 
diMctly  en  dw  peat  aat.  the  top  of  Fig.  S  shows  aaan 
■onUily  air  taapaiatm  and  tha  winter's  asMunt  of  Itest.  Iho 
wlntors  Uem  1959  to  1962  wen  aiUd,  and  tha  anount  of  feost 
below  amraga.  lha  winter  of  1969,  however,  was  very  ooM 
and  tlM  aaount  of  frost,  30.000  hour  *C.  was  very  oloea  to 


No.  4 1 


lha ailddia elFlg.  9 
thsrswMwtars  Nos.  4  and  0  in  tha  paat  aat. 
Nd.  S  BMasuras  intanaadiata  taapafatarss. 
tha  Idghast  suauner  and  tha  lowaat  winter  laapsnturss.  lha 

highest  teaperatuie  reooidad  liRia  No.  4  ooeura  la  July  and 
August  and  la  approxtaetely  the  saaie  nuaatloal  value  as  dio 
highest  mean  air  teaperatuia  vrtildi  occurs  In  June  and  Itdy. 
The  highest  teapetatiire  laeoidad  fioa  ttanaoaiatar  No.  0 
shows  a  lower  valtis  than  lha  aonthly  aaan  air  taaperatura. 
Ssemingly  than.  onMatioa  eausas  no  heat  dsvalopaiont  In  the 
paat  aat.  In  the  winter  the  ftosaapaitofdia  paat  aat  has  a 
substantially  hlghsr  teaparaturs  Htm  tha  aaan  sMMhly  air 
taaparatuM.  Tha  lowest  < 
tar  No.  4  In  Fefeniaiy  1053  was  -3*0.  vdillo  the  i 
aofltftly  air  toapsmtm*  was  •  19"C. 

Tha  bottea  of  Fig.  5  shews  ths  obaaivad  and  ealealalad 
frost  boundary.  The  frost  llsM  Is  checked  by  excavation. 
The  agreement  is  good  end  relates  to  the  difference  of  20  to 
50  sua  forlho  winters  from  19S9  to  1962  and  80  mm  tor  tha 
winter  of  1903.  Significantly,  the  paat  mat  is  over- 
dlmenslorted  since  the  track  waa  lifted. 

As  mentioned,  the  winter  of  1963  waa  axlremely  cold,  and 
in  the  southeastern  parta  of  Norway       bost  volume  approxi- 
mated to  the  maximum  values.  No  destructive  frost  heaving 
was  noted  wherever  mass  replacement  was  parforaad  with 
organic  materials,  despite  several  plaoes  where  the  liast 
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PEAT  (SPH,\GNUM) 

Expt-rience  has  been  greatest  with  the  peat  n«t.    The  oldest 
peai  mat.  made  of  loose  peat  stamped  on  the  spot,  is  60  years 
old;  the  oldest  peat  mat  made  of  pressed  poat  blocks  is  3S 
years  old.    The  peat  shows  no  qualitative  alterations  or 
extensive  reduced  layer  thickness  that  might  limit  the 

1  so.ating  capacity. 
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Fig,  4.    Current  xass  replacement  profiles  for  onsanic 
materials.   Depth  of  trough  equal  to  thickness  of  frost  isolat- 
ing layer,  disianslonsd  by  asa  of  Fig.  3 
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in  air  and  In  post  oat.  Calmlatad  and  obaaivad  beat  level. 


boundary  lay  as  much  as  K  cti  below  the  lower  edge  of  the 
mat.    There  were  no  ice  layers  In  the  underlying  slit,  which 
appeared  somewhat  dried.    So  apparently  ,  tlia  preMUt  dlnail* 
slonlng  standards  are  unexagqerfited  ar.d  c^ortect. 

Peat  bundles  are  presfied  In  advi^niri!  |o  a  dry  Icntiity  of 
approxlmatvly  160  ky/cu  m  (tifju-ndiry  on  the  pi'-Dt's  degree 
of  tr<in!;fonn.itlon)  .  .■! nd  the  pres s.irc  is  then  !.S  ^;g  sqcm. 
Since  the  p^.^t  In  drlr-d  in  advanco,  the  weight  <:f  vi  bloi-k:  do<- 
not  exceed  90      ,    Und<-r  the  track,  peat  Is  conipn^iiL^i-d 
slowly,  and  meacuromenti  show  0.3  to  Q.S  cm  per  annum  In 


the  first  ^O-yojr  rtr^od   with  a  tendency  to  diminish  sliyhtly< 
for  the  railway  trac^  the  correspcnding  subsidence  has  no 
practical  F.igraficHnce  .  as  the  track  mutt  fOT  OtiMrraaaBIla  Im 
regulated  at  inter/ols  cd  a  few  years. 

The  elastic  deformation  cd  a  0.  30  n  pe.it  nat  under  an  axle 
pic.'.:;urc  of  18  tons  is  .lati ;;)at  tcr>'  and  r»t  greater  than  that 
which  oltcn  nrc.jrs  In  a  n,5tv.r.-il  ■ii.t>jrjidi!  ^  l]  with  .imple  watar 
content.    Kxjioncncf  is  y:x:d  with  railways  built  aCfOSS 
narr.h.-s  with  up  to  3  rr.  of  p..-jt  and  dry  daiMtty  Ol  tlM  Peat  It 
substantially  less  than  In  the  peat  mat. 
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DISCMIDBD  flUBPBRS 

81(168  1954  It  has  bean  psmlsslbla  to  uaa  dlacaidsd  woodm 
alflep«rt<  which  tUU  contain  aoma  crflOMM*.  •>  ■  baat 
raalstsnt  foimdaUon.  These  slaepers  ara  oeonooitcal  and 
do  not  eausa  track  subaManoa.  Laying  alaapara  ta  aomawhat 
auMra  woik  than  laying  paat  falecka> 

BMUC 

In  racant  yaara  apniea  and  plna  traa  haifc  haa  ba«n  •  taadJly 
aoeeaalble  aiatenal.  becauae  ttnbar  la  now  atil|i|Md  of  Ita 
bark  at  wood  ptooasaliig  nulla  or  collacttng  atatlona.  Aftar 
axparinanling,  tha  flrat  trial  atratebaa  with  barfc  war*  laid  In 
1961  end  1962  C4]. 

Table  11.   Approximolc  ovoragos  for  current  materials  in 
compressed  (rost  resistant  mats 

^  T      V      L  k 

kg.  cu  in     kg.'cu  in      %      %      %  la 

Paat  1.60        160        10   80   10  O.S 

Dlaoaidad  alMpara       1.60        190       25   70  S 
Bark  1.60        240        IS   7S   10  O.S 

Wet  baric  must  be  compress&d  to  s  dr/  dc-n  -aty  of  about 
240      .  cj  m.    It  causes  smaller  trsck  subsidence  as  well  as 
le,"!.-.  '■\d--Ur  ';.-l'^rniri;i2:'.  than  pi'^'-.    Frost  ;soiatlon  Is  eq-jl 
to  that  ot  jjcat.    Unptoc  rssi-  I  :*ir^-  ;ioin  stor.^g!"  h«ap5  CJn  be 
compressed  by  conven;ii:r-3  I  : mtj^onr-rt s  .  5uch  .sr.  .■Ujt.jj't  or 
heavy  vehicles.    Vibratory  m-achirc-j  have  wt  proved  suitable 
'.Vhcr-?  bor-  connot  bo  cr>r,voyed  directly  on  lorries,  preference 
on  one  tracA  railways  is  given  to  pressed  blocks  of  the  same 
also  aa  for  paat.  Walght  of  the  block  la  about  ISO  ko  for  a 


O.S  IB  thicknass,  when  the  bark  Is  taken  from  the  atocaflo 
haop,  aa  eonparad  with  90  kg  for  peat  that  has  been  aoma- 
what drlad  inadwanco.  Bark  falocka  ara  subsunUally  diaapar 
than  paat  blocka,  and  tha  praasing  of  bark  blocka  for  laylngi 
In  196a  haa  bean  ataitad. 

Bxpanaa  pnhlblta  tha  uaa  of  paat  in  a  frost  realalant 
toadtaod.  Bark  la  a  waata  product  produced  in  such  tanga 
Quantltlas  that  atoraga  placaa  ara  filled  to  overfloirlng. 
Hitherto  bark  was  used  as  leveling  otatarial.  It  waa  bmad 
to  aahaa  or  droppad  into  tha  aaa.  In  tha  author' a  opiaion. 
barfc  la  uaalul  lar  nad  building  In  cold  laglona.  Undar  a 
bearing  layar  of  modorata  Utlcknaaa.  0. 2  to  0.4  a  of  eaai- 
pvaaaad  baifc  piovldaa  a  boatpioof  tDundatfon  and  alao  aatvaa 
aa  a  vary  aatlafaelory  flltar  layar  agalnat  undarlyliig  allt. 

In  faUa  n  tha  praaaura  uaad  In  making  tho  blocka  (of 
ewaat  awlarlald  waa  1  ■  S  kg/aq  eai.  In  tho  taUo  X  la 
apaclfic  waighti  yd  la  dry  danalty;  T.  V,  and  I  aia  paroant- 
agaa  by  voluma  of  autaatanoa.  water,  and  air;  and  k  16  height 
of  capillary  rlaa. 
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AIR  TEMPERATURES  IN  NORTHERN  CANADA  WITH  EMPHASIS  ON  FREEZING 
AND  THAWING  INDEXES 


H.  A.  TUOMFSON,  Canadian  Meteorological  Branch 


rrosi  action  In  soils  as  a  problem  in  highway,  airport,  and 
waterworks  design  and  operation  has  boun  recognized  lor  many 
yaara  In  southern  sections  of  Canada  and  in  tho  northern  and 
oanlral United  States.  Research  on  freezing  and  thawing  in 
ttwaa  araaa  haa  baaa  facilitated  by  an  abiwidanoe  of  ordinary 
ellnaiologtoai  dala  and  by  raporta  from  a  growtog  network  of 
aoll  tamperaiura  atatlona . 

With  the  exception  of  scattered  mining  cr  railroad  locations 
In  the  Canadian  aobarctlc,  infanaatlon  on  tha  behavior  and 
extent  of  pamwIroBt  waa  vary  naagar  prior  to  World  War  n . 
Soil  tamperaiura  data  wara  practically  nonexistent:  widely 
aaparataid  elimalelogleal  atatlona  had  records  of  only  a  few 
yaara .  Many  obaarvatioit  atatlona  (aatabUahad  in  aortham 
aoctiona  of  tha  matatland  during  tha  wai)  xomainad  in  oparatloa, 
With  tha  •atablUhaiant  of  tha  Joint  Canadian  and  U.  8. 
Waathar  Statlona  «o  Iha  lalanda  of  tha  Canadian  Arctic  Arcfal- 
patogo  in  tha  yaara  1947  to  1950,  eUmalologteal  data  baeaaa 
available  from  all  parta  of  Canada. 

Expiorailon  and  davolopnant  m  nertham  Canada  haa 
Incraaaad  raoantly.  WIda-aptaad  araaa  of  parmafroat  with 
Intanalva  finat  aetlon  eoallrant  anglnaara  and  aelantlata.  Ibo 
engineer  in  aoudiam  Canada  la  concerned  with  tha  depth  and 
rata  of  Croat  paneiraUaR  and  ntraat  In  aoUa  In  wlnieir;  Ua 
eounlarpart  in  northam  Canada  la  eoneomad  with  dapdi  and 
rata  of  thaw  in  petmaftoat  In  aiMMiar.  Bacauaa  adaquaia  aoU 
lemparatura  Infdnnatlon  ta  laektng«  oaloalatlona  muat  bo  baaad 
on  eltawtle  avavagea.  Many  ellnatle  alamanta  affect  fraesing 
and  thawing  bt  aolla,  and  air  tanparatura  la  probably  tha  aioat 
closely  lalaiad  alngla  alanant  [1]. 
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At  the  close  of  Iha  19S1-1960  decade,  climatological  data 
covering  e  standard  ten -year  period  beconc  D'.M:l:tljl>?  lor  the 
first  time  from  many  areas  of  northern  Canada.  Tumporature 
observations  are  summarized  ham  for  the  decade  in  a  mannar 
that  will  be  moat  useful  to  those  eonoamed  with  firost-ectlon 
calcu  laiiona. 

In  a  uterature  review  of  soil  tcmperalutaa  and  tharaal  prop- 
erties. Crawford  [2]  noted  that  an  emplrioal  calatlOBablp 
Involving  degree-days  below  freezing  air  temparatute  and  firoat 
panatration  into  the  ground  was  first  used  in  highway  design 
ta  tha  United  Stataa  about  1930.  The  relatlooablp  baa  baan 
oonfltmad  by  numaroua  Invaatlgalera,  and  the  uae  of  iioaaing 
taidaxaa  bi  pradletlng  fteat  panaliMloa  haa  booom  oowaon 
anglnaaring  practloa .  Itatemntlon  on  froat  dopdi  In  aoll  la 
ofton  raqnirad  for  a  alia  at  aoma  dlatanoa  bom  dw  naaraat 
waathar  atatlen.  At  aueh  locailona  O*  fraeslag  todaK  map 
may  ba  uaad  with  ampMeal  daalgn  eurvaa  or  a^wtloBB  to 
provide  flrat  approidmatlona  of  toat  panantloo  {ij .  Iha 
aoll  baaia  and  thaw  rata  haa  oonaldafabla  bearing  on  treat 
danaga  to  ground  Inatallatlcna  [2] .  Tbla,  la  tars,  U  ralatad 
10  Iha  tato  of  aeeumulatlon  of  dagraa-daya,  uauolly  durtaig  the 
(Irat  Ibw  waaka  of  tho  fraaalng  or  tiwwtng  aaoaona. 

Paraaftoat  dapth  thaw  may  ba  delermiaad  to  aucb  Mm  aama 
awnnar  aa  aoll  froat  panatration,  •lHwugb  to  thla  eaao  tba 
dtawing  degree -day  la  tha  unit,  wfaila  Mm  MUHMng  Index  rap- 
resents  aaasonal  aoowHilatlon.  Ibla  raiatloaahlp.  a  raeant 
OKlansloa  of  tha  dagrao-day  technique,  is  of  ooaaMarabla  uaa 
to  aortham  Canada .  Sabaatyan  [4]  aiaglea  out  Mia  Mww  dapili 
tai  parmalkoat  araaa  aa  a  aujor  faelor  In  pavaaant  and  founda- 
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tlon  design.  Knowteijtjt  of  Us  rna>;imun  value  and  Its  variation 
dtttlr.ri  frocrlng  jr.d  ;hawint)  pcrlc-ds  is  esa.jnt.jl. 

The  tleqieu-aay  nieUicd  l;i  fcds«d  cjilicuJi'  an  temperature, 
iilthourjh  inilirectly  the  edects  o(  such  climatic  factors  as 
riidl-itio:-.  .ind  cloud  oow«r  «Tf>  «lso  indicated.   However,  the 
in.' l.jonrcL;  f.il  M>vtnrtl  LJih'^r  t~UrT.j;ii-:  eltncuts  arc  .-.or; ]. jctad  as 
are  jijc."i  i>r.virn:-,;rie"  l.'t  1  faclor.'i  aa  .-luriace  cri'.'ec .  soLl  iyp--' t 
conductivity,  and  w.jtctr  cor-.l«>r;t ,   l.:iipUji:rt  1  i;-ritre::ticr.  factors 
have  tjean  detenBincd  lor  variou::  lyprs  ol  sur(ac«s  which  malte 
II  possible  to  convert  aLr-teTipcraturc  Index**  {At  acneil  taVtO 
to  actual  surface-temperature  indexes  c^]. 

Basic  equations  and  design  curves  used  In  calculating  t.'^aw 
or  frost  depth  may  Im  fiMind  in  *Calcul«ll<ms  0(  Depth  of  Thaw 
In  Frozen  Ground"  [ft]  and  'EngtaMrlng  MuHMl  lor  MlUtaty 
Construction"  CS]. 

Considered  individually,  freezing  and  thawing  Indexes  are 
of  Uttte  use  In  predicting  the  existence  of  permafrost.  Whether 
petmiitrost  will  imm,  or  it  already  present  will  persist, 
depends  not  only  on  frost  penetration  during  the  freezing  sea- 
son, as  measured  by  the  freezing  Index,  but  also  on  frost 
retreat  during  the  thawing  season,  which.  In  turn.  Is  Indicated 
by  the  thawing  index.  Thus  locations  with  high  freezing  In 
IndaxM  my  iiot  necossorlly  have  permafrost  If  their  thawing 
IndtXM       also  high .  n,  howuvcr,  thulr  thawing  indexes  are 
low,  permafrost  will  probably  be  present.  The  mean  annual  air 
temperature ,  which  combines  the  temperature  contributions  of 
botb  tiiawlng  and  freezing  Indexes,  is  a  somewhat  more  useful 
expnaalon  of  temperature  relating  to  permafrost  distribution, 
but  aooordlng  to  Brown  [7j  liwra  ta  only  a  vary  Ivoad  oomla- 


tlon.  Using  mean  annual  temptTdturo  jnd  average  thawing 
Index,  Plhlalnen  [B]  was  able  '.o  arrive  at  an  appr oxi.Tiatlon  of 
firobable  perma&oat  occuirance  which  may  be  considered 
aultabia  far  praUntinnr  anginaarlnff  aueiUMiitai 

COMmAnON  AND  PRESENTATION  Of  MR  TEMPERATITRB  DATA 

In  fin  «-vMrlit:T  invrj  Litigation  ISJ,  ;roLZin<;  and  thawing  macxes 
wcftj  calculated  lor  T^anv  stations,  mostly  within  the  perma- 
frost region.  To  provicc  this  type  of  Information  In  and  luat 
3r>uth  of  regions  having  discontinuous  permafrost  [7],  similar 
r  ih  alatlons  were  made  for  about  20  more  stations;  freezing 
and  thawing  Indexes  are  given  for  these  stations  and  for  the 
40  stations  of  the  original  project.   Maps  for  northern  Canada 
show  mean  January,  luly.  and  annual  temperatures  (Figs.  1, 
2,  and  3) .  Other  maps  (Figs.  4  and  S)  show  the  areal  distri- 
bution of  freezlrtg  and  thawing  indexes  during  the  most  recent 
decade . 

The  network  of  60  stations  includes  the  majority  of  stationa 
north  ol  55  deg  latitude  in  Canada  which  have  continuous  cli- 
matological  records  betwiif-n  !949  and  1959.  This  period 
covered  ton  Iroezinq  and  ten  tliawlng  seasons  and  represented 
the  most  recent  decade  of  observations  available  at  the  tlmo 
on  punchad  cards.  Tbc  10-y«ar  period  used  is  only  a  third  of 
the  30  years  recommended  for  calculation  of  climatic  normals: 
therefore,  the  results  should  be  reganlad  only  as  a  good 
"sample ."  As  fewer  than  one  quarter  of  the  stations  Involved 
have  records  over  the  30-year  standard  period,  i,nsre  was  no 
attampt  to  adluat  Uia  valuaa  to  tba  aiaxidard  normal  partod . 
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XlM  It-yaar  ptnaA  UMd  M  Ito  dsovM^y  e>lculatlaaa 
dilfm  tllffhtly  kon  Hm  JtMdail  itooad*  19$1-1«B0  an  wbldi 
dM  awan  dally  Maporatura  Otmt*  an  baaod.  AUbougli  Uw 
two  parloda  wa  coiiiarabia  as  tax  aa  aiaan  annual  and  mui 
dally  Jtt^  wperaln—a  aia  eoMtcMd*  dw  aarUar  yaclod 
tneladat     wniMlly  eeU  Jmuiry  IMO.  Hawavar.  in  vMw 
of  (ha  nOiar  epaii  apadnt  of  atatlena  aoA  tha  generalized 
Mthar  than  datallad  ooaatnictlan  of  Oia  cUaiatlc  maps ,  tha 
dltfarenoe  of  ona  or  two  dagreaa  in  averaga  lamuwy  tanpara'- 
ture  should  not  be  too  significant. 

The  definitions  used  in  these  calculations  are  from  the 
Engine«rlng  Manual,  Corps  of  Engineers,  U.S.  Array  [S]. 
Dijgifi.^ -d.jys  !cr  ..iny  onr  day  an;  Tho  dlflcron™  Iwtwo'-r.  tho 
rr.cjn  djily  j'.r  tonp<„'rjturo  dna  3^°r.    Fr'-'ozincj  degree -days 
arc  given  when  tni-  :ncjr,  daily  tomperaturo  is  below  32*F; 
:hawm9  degree-days  occur  v.'hen  it  is  aijove  32'F.  In  the 
tabulations,  the  dctircc-diy  totals  for  each  day  were  derived 
from  mean  dally  air  tenjpc-raturDS  (In  wriiole  de^jrees,  Fahren- 
heit. Dased  on  the  averigt  of  dally  mix;m-jn  and  dally  rr.lnl- 
irium  U:nii,<;iatu£wa) .  To  give  algeiwalc  sutninatlons  ol 
degree -days  measured  from  SZT,  365  pundtidcaida  par 
station  year  were  machine  proonssed. 

The  freezing  Ir.dex  may  be  defined  as  the  njmiier  of  dcf;rcc  - 
days  between  the  hiqh  and  low  points  on  a  curve  al  cumuiattvc 
degree-days  versus  time  for  one  freezing  season  [5].  The 
thawing  index     (t^jjetuten:  ctn  the  maximum  and  minimum 
values  on  the  summation  curv>:  during  a  thawing  season. 

The  mean  and  extreme  values  and  standard  deviations  of 
franalng  and  iliaiirtiig  indana  ara  llalad  for  aadi  atatldn 
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(fabteatandlO.  Mtfwiifllia  tongarfMrtodefraeocdiMauklba 
daalrabla,  dw  ttindacd  diviatlona  baaad  on  i*n  yaara  ol  dia 

nomatly  dlatrltoutad  Indaxaa  give  an  Indication  of  their  vari- 
ability Cram  ana  yaar  to  tha  naxt.  Hcwavar,  it  la  not  a  satia- 
faeiory  laathnd  tar  ooswartng  tha  vartatima  in  Iwe  dUfmnt 


CUMKnC  AND  raniCAl  mtURBB 

Of  the  factors  responsible  for  the  temperaiure  rvittern  of 
northern  Canada,  the  high  geographical  Ijtitude  is  probably 
the  most  significant.  This  area,  which  cmbrjccs  the  srctia 
tundra  and  the  lightly  forested  subarctic  belt,  experiences 
extreme  varlaiii^m;  In  the  amiount  of  sola!  radiation  reaching 
the  ground  over  the  course  of  a  year.    Easentially  it  cc^mprises 
an  extensive,  low-lying  plain,  along  a  NW-St  .ixl.".  of  the 
continent,  bounded  oy  high  mountain  and  jilatuau  .jrojs  west 
ol  the  Mackenzie  Rlv^r  and  by  :he  (o^rmidable  barriers  of  moun- 
tainous Ellesmere  and  Baffin  Islands  in  LhB  east.   Ir.  suniiner 
the  loe-fllled  waters  of  the  Arctic  Gcean  keep  temperatures 
low  over  the  Islands  ol  the  Ajctlc  j\rchipe  lago ,  while  the  cold 
waters  of  Hudson  Bay  exert  a  :.lnil!a:  ;  hllUnt;  Ir.fiuer.ce  on  tha 
ni;r thea stern  mainland ,   Mlgitiiciry  low-pressure  systcTis 
usually  pass  south  of  the  subarctic  tn  winter  and,  at  best, 
only  briefly  Interrupt  tho  p-orsistcnt  tlow  of  cold  air  over  ^ha 
region.   In  summer  they  frequently  move  through  nortJiern 
Canada  and,  in  western  mainland  areas  in  particular,  the 
aaaaon  OMy  Iib  vanr  vmnn. 
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Tabto  I.  Aviragt  and  extreme  values  of  ftwilliu  iadw  TU>te  n.  Average  and  extreme  values  ol  Hiawllig  Indnc 

{dagree-d^ys)  n49-i<iS4  (dagrea-days)  1949-19S9 


Stattan 

1  u-yr. 

Abb 

otu . 

High 

Season 

low 

Season 

Station 

10 -yr. 

Av. 

ata. 
Dev. 

High 

2  oar 

xaar 

jUaUhlk 

S  302 

738 

( 

291 

19SS 

-56 

4 

114 

1952-53 

Alahihilc 

2 

4 1  2 

224 

2 

715 

1951 

2  035 

19SS 

Aklavlk 

8  037 

S46 

S94 

1954 

-55 

811 

1949-50 

Aklavlk 

2 

261 

302 

2 

859 

1958 

1  761 

19S9 

Ateta 

iaOB3 

317 

12 

544 

1950 

-51 

11 

397 

19S2-S9 

Alan« 

387 

156 

612 

1956 

141 

19SS 

Annie  lay 

B923 

596 

10 

674 

1953 

-54 

B 

649 

19S2-S8 

AietleBay 

aoa 

87 

990 

1954 

699 

19SS 

Baiter  lata 

«  422 

457 

10 

072 

1949 

-SO 

B 

691 

19S2-SS 

Baker  lAke 

5 1  5 

207 

1 

947 

1954 

1  193 

19S0 

BaawwliMiga 

2  866 

708 

4 

007 

1955 

-56 

2 

000 

19S4-S$ 

BaaivarkMlge 

e  -J  9 

311 

4 

393 

1958 

3  469 

1989 

BKOflkat 

6  216 

521 

7 

040 

1949 

-SO 

s 

417 

19S2-S8 

hooliet 

2 

93  5 

317 

3 

412 

1955 

2  525 

19S9 

Cwabridga  Bay 

10  860 

318 

11 

311 

1957 

-58 

10 

302 

19S2-S> 

CeaMdia  Bey 

1 

016 

201 

1 

406 

1954 

767 

19S9 

Cape  Hopes 

Cape  Hopea 

Advance 

5  443 

578 

309 

1956 

-57 

4 

562 

19SS-SC 

Advaaoe 

974 

148 

1 

198 

1955 

19S8 

Cteaiarflald 

8  7S0 

447 

9 

449 

1956 

-57 

8 

151 

1952-$9 

Ctaeataiflaid 

1 

321 

182 

1 

673 

1954 

:  n  9  K 

19S7 

ChurdUll 

6  718 

462 

7 

755 

1949 

-50 

6 

253 

19S3-S3 

CkwciilU 

2 

056 

221 

2 

380 

19Si 

: 

1958 

Clyde 

B  671 

523 

9 

365 

1956 

-57 

7 

943 

1952-S8 

Clyde 

655 

83 

795 

1957 

5i,U 

1999 

Copp«rmUie 

8  862 

496 

9 

439 

1957 

-58 

7 

869 

1952-83 

CoppenaJne 

1 

362 

208 

1 

620 

1954 

954 

19S9 

Coral  Haiboiir 

8S39 

656 

9 

510 

1953 

-54 

7 

666 

19S2-$» 

Coral  Karbeur 

1 

1  75 

137 

1 

487 

1954 

1  021 

19S9 

DMNoa 

S49S 

865 

7 

763 

1955 

-56 

5 

261 

1952-83 

Dewaon 

3 

24  5 

262 

3 

571 

1950 

2  787 

19S9 

Sadtanaa 

4  682 

629 

5 

409 

1951 

-52 

3 

738 

19S2'-S3 

Sabeiraa 

3 

661 

282 

4 

145 

1953 

3  180 

1989 

Ennadal  I«k« 

a  130 

410 

g 

640 

1949 

-50 

7 

660 

19S3-S4 

Knfit'*t*  l4]ie 

1 

979 

294 

2 

483 

1954 

1  620 

1980 

Eureka 

13  322 

533 

14 

243 

1956 

-57 

12 

519 

19S2-S3 

Eerake 

701 

145 

H47 

1954 

417 

19S3 

Fort  ChlcM 

S  381 

613 

g 

176 

1949 

-50 

4 

518 

1957-88 

FertChlHw 

2 

206 

244 

2 

501 

1955 

I  787 

1958 

Fort  Good  Mope 

7  860 

631 

636 

1950 

-51 

6  877 

1949-50 

Fort  Good  Hope 

2 

908 

259 

3 

214 

1958 

2  365 

19S9 

Fort  Keleon 

4  801 

661 

c 

711 

i  3dU 

-SI 

3 

793 

1952-53 

Fort  ttetaon 

3 

848 

241 

4 

206 

1958 

3  409 

1989 

Tort  Providence" 

5  752 

g 

658 

-56 

4 

731 

1952-53 

Fort  Providence* 

3 

383 

•  •  > 

3 

663 

1955 

2  895 

1989 

Tort  Reliance 

7  172 

457 

7 

f 

1956 

-57 

6 

337 

1952-53 

Fort  Reliance 

2 

465 

376 

2 

924 

1955 

1  768 

1989 

Fort  Resolution 

5  776 

603 

c 

D 

91 

1951 

-52 

4 

618 

1952-53 

Fort  Resolution 

3 

176 

266 

3 

571 

1953 

2  633 

1959 

Fort  Simpson 

6  040 

671 

£ 

-S 1 

4 

916 

1952-53 

Fort  Simpson 

3 

476 

211 

3 

777 

1953 

2  995 

1959 

Fort  Smith 

5  613 

fil2 

235 

195  1 

-52 

4 

567 

1952-53 

Fort  Smith 

3 

365 

274 

3 

685 

1955 

2  806 

1959 

Fort  Vermilion 

■5  810 

716 

5 

674 

1951 

-52 

3 

598 

1952-53 

Fort  VennlUon 

3 

716 

241 

4 

117 

1958 

3  406 

1959 

Froblaher  Bay 

7  052 

660 

g 

0^6 

1956 

6 

226 

1  -  5  "  -  5  5 

FrobisherBay 

1 

262 

172 

1 

541 

1955 

1  073 

1959 

GlUarr.'^ 

S  815 

335 

g 

256 

1958 

-59 

5 

316 

1952-53 

GllUm* 

2 

850 

271 

3 

404 

1955 

2  519 

1956 

GL->cj;e  Erjy 

3  077 

689 

4 

099 

1949 

-50 

1 

877 

1957-58 

Goose  Bay 

3 

463 

230 

3 

81 1 

1959 

3  061 

1986 

Grerii  Whale 

Great  Whale 

4  610 

.  ,  . 

5 

592 

1549 

-5  0 

3 

834 

1952-53 

River" 

2 

333 

.  >  ■ 

3 

244 

1955 

1  911 

1958 

Hay  Rivw 

648 

332 

1955 

-56 

4 

287 

1952-53 

lidy  River 

3 

171 

257 

3 

472 

1952 

2  573 

1959 

Holmon  Islond'^ 

■5  015 

677 

;95  5 

-56 

7 

531 

1952-53 

Holxan  Island^ 

1 

100 

1 

660 

1954 

620 

1959 

Hopedalo'^ 

3  303 

663 

4 

235 

i  94  ^ 

-50 

2 

335 

1957-58 

Hopoda  le^ 

2 

269 

263 

2 

574 

1951 

1  823 

1956 

Indian  House 

Indian  Honee 

lake 

S  315 

666 

6 

165 

1956 

-57 

4 

079 

1957-53 

2 

l/i 

/  ^ti 

2 

417 

1952 

1  693 

1956 

Isdchaen 

12  753 

458 

13 

486 

1955 

-56 

11 

983 

1952-53 

Isachsen 

402 

158 

649 

1958 

136 

1953 

Island  Falls 

4  837 

545 

5 

609 

1949 

-50 

4 

119 

1952-53 

Island  Falls 

3 

606 

253 

4 

129 

1955 

3  271 

1959 

Knob  LoKO 

5  1C9 

659 

5 

995 

1949 

-50 

3 

898 

1957-58 

Kriob  Lake 

2 

352 

249 

2 

674 

1954 

1  640 

1956 

Mayo  Landing 

S  891 

942 

7 

020 

1950 

-5  t 

4 

4«0 

1952-53 

Mayo  Landing 

3 

168 

218 

3 

475 

1953 

2  816 

1959 

McMurray 

4  086 

666 

4 

973 

1949 

-50 

3 

156 

1952-53 

McM'jrray 

3 

776 

261 

4 

102 

1952 

3  189 

19  59 

Moosonee 

3  790 

551 

4 

626 

1949 

-50 

2 

810 

1952-53 

Moosonee 

3 

611 

362 

4 

365 

1955 

3  053 

1950 

Mould  Bay" 

11  912 

525 

12 

529 

1953 

-54 

10 

987 

1952-53 

Mould  Bay 

422 

165 

691 

1956 

129 

1953 

Nltchequon 

4  790 

705 

^ 

640 

1958 

-59 

3 

672 

1957-58 

Wltchoquon 

2 

629 

331 

3 

075 

1954 

2  148 

195  6 

Norman  Wells 

7  220 

620 

'^7  3 

1950 

-51 

6 

137 

1952-53 

Norman  Wells 

2 

996 

244 

3 

354 

1958 

2  531 

1959 

Nottingham 

Nottingham 

19  5  0  & 

Island 

6  401 

S62 

7 

227 

1953 

-54 

5 

547 

1952-53 

Island 

928 

129 

1 

1  i  1 

1958 

73  J 

1959 

Port  Harrison 

S  804 

507 

V 

1 949 

-50 

5 

165 

1952-53 

Port  Harrison 

1 

677 

362 

243 

1954 

1  2K« 

19  54 

Port  Radium 

6  982 

565 

7 

776 

1  955 

-5  6 

5 

713 

1952-53 

Port  Radium 

2 

220 

341 

2 

799 

1554 

1  58  2 

1959 

Resolute 

11  204 

390 

]  J 

'^Q  1 
J  ^  J 

"Of 

10 

292 

1952-53 

Resolute 

536 

159 

868 

155B 

322 

1935 

Resolution 

Resolatlur. 

Island 

4  434 

567 

S 

4B3 

1956 

-57 

3 

791 

1952-53 

Isiar.d 

552 

82 

686 

1958 

4  29 

1954 

Snag 

6  741 

553 

7 

444 

1955 

-56 

5 

964 

1957-Se 

Sr..3g 

2 

859 

222 

3 

158 

1951 

2  5U2 

1455 

Spence  0ay^ 

T  1  no  t 

11 

578 

1956 

-57 

10 

5  24 

ojjonco  Day 

973 

1 

150 

1  J  JO 

833 

1959 

Tallin 

4  048 

796 

5 

224 

1955 

-56 

2 

931 

1957-58 

TesUn 

2 

991 

274 

3 

354 

1957 

2  568 

1955 

I^out  Lake 

5  118 

552 

6 

262 

1949 

-5  0 

4 

189 

1952-53 

Trout  Lake 

3 

206 

330 

3 

696 

1955 

2  755 

1950 

Wabowden 

4  872 

529 

J 

859 

1949 

-50 

4 

159 

1952-53 

Wabowden 

3 

553 

256 

4 

068 

1955 

3  250 

1950 

Watson  Lake 

5  402 

704 

6 

510 

1955 

-56 

4 

515 

1954-55 

Watson  Lake 

3 

388 

263 

3 

683 

1953 

2  965 

1959 

Whltehorse 

3  661 

839 

5 

105 

1455 

-56 

2 

852 

1957-58 

Whltehorse 

s 

271 

263 

3 

607 

1957 

2  665 

1955 

Yellowknlle 

6  623 

S63 

7 

139 

1950 

-51 

5 

316 

1952-53 

Yellowknlfe 

079 

255 

3 

354 

1955 

2  483 

1959 

'Parlod  ol  record  leaa  than  ten  yaare  'Period  ol  record  less  than  tsn  years 
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FREEZING  SZkSOti  AIR  TEMPERATURES 

Averdije  ddies  tur  ihe  ttdrl  of  the  freezing  and  thawing  »ea*on 
arc  charted  (rtgs.  6  and  7).  Examination  of  the  maps  rovcaU 
that  over  the  northorn  Islands  of  the  Archipelago  the  autumn 
freezing  season  starts  about  September  I,  moves  southward 
following  periodic  cold-air  oiitts^uks,  and  reaches  the 
southern  liinits  of  the  sub-Ajctic  by  C  ctober  20.   During  the 
decade,  the  earliest  and  latere  diiles  were  about  pIue  or  minus 
ten  days  at  most  stations.  The  delaying  Influer.-t  oi  i  e- 
covered  Hudson  Bay,  on  the  start  of  the  thawlr.q  ft.-as  ti,  is 
immediately       utn: .  Tlui  thawing  season  in  '.r.l-;  an-  i  is 
only  ten  ,-.u'Ai-r  •ti.iri  m  th«>  hieih  Arctic  and  at>oul  six 

weeks  I'l' T  ihjr  jt  thu  ■jjnn-  l.ititjd'S  700  miles  further  west. 

The  .Tear.  iiGily  tamperalure  map  for  January  (Fig.  1)  is 
shown  as  bt^lr  g  ;yplcal  of  air  temperature  patter-ii  carlr.g  mid- 
winter months.  In  most  areas  of  Canada,  including  the  sub- 
Arctic,  lanuary  Is  the  coldest  month  of  winter:  but  In  the  Arctic 
regions,  February  Is  colder.  The  main  features  of  the  chart 
are  the  cold  center  near  northern  Ellcsmere  Island  (where  mean 
dally  temperatures  ore  lower  than  -BO'F)  and  the  broad  south- 
ward extension  of  the  -25''F  Isotherm  which  delineates  a  large 
portion  of  the  continental  interior  west  of  Hudson  Bay.  The 
tompering  influences  of  open  water  and  thin  Ice-cover  over 
I«ncas(vr  Sound,  Hudion  Strait,  and  the  east  shores  of 
Hudson  Bay  show  up  M  tnas  of  abnormal  warmth . 

Cold  temperatiires  pravall  along  the  MackaoEl*  Rlvor  and 
over  most  of  the  Yukon,  although  mean  values  am  nearly  ten 
degrees  hlghar  dun  tb»  mm  daily  lamwinr  Mnperatuies  in  the 
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Ellesmere  Island  cold  center.  Extremes  of  minimum  tempera- 
ture ore  very  low  In  the  Yukon  and  along  the  Mackenzie  River 
and  include  -81''F  at  Snag,  the  lowest  reported  air  temperature 
In  North  America.  In  contrast,  extreme  mlnir:Ki  .ii  i->ci»t  Arctic 
stations  arc  from  -55"  to  -65'F.  In  that  sectl  n  jt  the  north- 
land,  south  of  lat  60°N,  mean  temperatures  rorrospond  more 
closely  with  latitude  although  th"  <3<'n<?ral  NW-SE  orientation 
of  the  .-qua)  tenipeiaiui o  linn-s  i3  atiU  apparent. 

As  tho  lieexictg  index  is  d  ottiasurti  of  comb!?^*!  J  duratlor,  and 
magnitude  of  be  low -free  zing  temperatures,  it     ;  l.de.i  many 
degree-days  from  the  mid  "/fintcr  months.   Con[ioriL;[i:;  nl 
Figs.  1  and  4  shows  rurr.jr'Kjbh-  jiin.ljr-.ly  .n  potter-  n-.vr  thS 
Arrf;.-  Islands  and  In  'hn  nrrthiTn  irjsntinentai  wtcrinr.  The 
doiriiri3t;r.ij  cold  center  over  ncrthem  Ellesmere  Isl^r.d  jr.d  its 
extension  to  the  northern  mainland  Is  a  feature  of  both  maps . 
Eureka,  the  coldest  station  In  Canada  during  most  of  the 
winter  months,  also  has  the  highest  freezlmj  index.  The 
southward  bulge  of  cold  air  into  the  BamM.  Uiwit.  west  of 
Hudson  Bay  (Fig.  1!  Is  considerably  flattened  In  i  ly .  4,  wht-re 
account  is  taken  i  :  -h^-  ihorter  freezing  season  ar.ri  itu-  hiylu-r 
temperatures  during  the  spring  and  fall  transition  months.  The 
Influence  of  the  length  o(  the  freezing  season  on  the  freezing 
Index  Is  further  Illustrated  by  the  areas  of  lower  Indexes  along 
the  Mackenzie  River,  in  a  section  of  narthweatarn  Canada 
where  mld-wlnter  temperatures  are  low. 

The  freezing  indexes,  along  the  east  coast  of  Hudson  Bay, 
demonstrate  the  Influence  on  the  cumulative  degree^ays  ol 
the  open>water  months  of  October,  November,  and  DeoSBbar. 
WhUa  Fig .  1  aiiQwa  only  five  degrees  dUfannca  batman 
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FIG  4 

MEAN  FREEZING  INOICES 
IN  NORTHERN  CANADA 


*  lAdicalM  SMNom  Und  in  tM  Anoiysis 


ChurcMll  and  Twt  HwrlaoBi  th*  •varaga  IrwBtng  Mw  i» 
Mwly  1000  de«rM-4syi  htghar  at  Churalilll  ttan  at  F«rt 
RHrlaon.  (His  dUfaimiM  U  only  two  4»ffM  in  Ptiwuary  and 
Mardh  wtaan  Mudaon  Bay  la  froaan  ovar.) 

Thata  la  eoniildarabla  yaar  ta  yaar  varialton  {Tablaa  t  and 
m  la  Ika  fraaalng  Indax,  with  tha  gnataai  langa  QOBwring  at 
atatlgns  In  dia  Ytoton. 

nuwiHq  flsuoN 

Ilia  Manama  ei  tha  mm  tn  fl9».  X  •od  S  «•  taaiarttatety 


Ovar  die  Arctic  lalanda,  natiaM  lanpacatuMa  In 
eeamllad  by  Uw  praaanoa  at  iea-chlllad  mian  and 
laagtb  ei  tha  thatvlno  aaaaen  varlas  only  a  law  daya  «rUh  latl- 
tuda,  thawing  uidaxaa  and  naan  dally  temparatui*  an  cloaaly 
lalatad  during  a  typical  aunoMr  aHjndi  QMy).  Maan  dally 
tamwaturaa  avaraga  from  40*  lo  4S*r,  and  thawing  Indmaa 
range  fnm  500  lo  1000  dagrae  -days . 

Along  tha  SO*F  laothacai  (Fig .  2) .  whldh  axtanda 
Maekanala  Dalta  to  Bahar  I«ka  tfaoooa  to  Mutfaai 
and  Vngava  Bay  and  oolneldBB  appiwdinBinly  wlih  tha 
limit  of  tree  gtamOt,  Ibawliig  Indexes  avaiagn  about  ISflO 
dagrea-days.  Nonh  of  this  line,  the  cUnata  In  sunraor  la 
nuvltlOM  In  oharaoier  and  temperature  maxima  range  from  60* 
to  6S*F .  On  the  othor  hand  (rost  may  occur  during  any  month 
of  the  short  summer. 

The  familiar  southeasterly  trend  of  the  temperature  pattern 
from  tha  Mackannia  Mvar  Dalta  at  tha  Aietto  Ooaan  lo  Janaa 


Bay  hi  OnloTlo  la  dua  aiabtfr  to  Oia  haaUng  of  dia  norDwaat 
land  mum»,  durbig  long  daylight  houra»  and  tha  cooling 
Induanea  on  laiga  aiaaa  of  northaaatarn  Canada  by  tha  eoM 
waiera  of  KHdion  Bay.  In  thla  aubarctic  clunatls  sono  owan 
daily  fttly  taaparatnraa  ot  SS*  to  eCF  can  bn  aacpaetad.  Whlla 
lanparahma  ranch  OS'F  dtflng  neat  auainiBrar  dwy  do  on 
oeeaalDD  touch  4$*F . 

hi  ganaral,  tha  tbrnring  Indaxaa  cloaaly  toUow  tha  Jiily 
laiiparatuia  diatrifautlon  hi  tha  anbaratle  «n«  cuga  ham  aooo 
lo  SOOO  dagiaa-daya.  Blnaa  tha  Maohannl*  Rlw 
relatively  higher  aununar  tamparatwea  aa  well  aa  1 
thawing  eaaaona«  than  at  almtlar  latttudea  aaat  or  weat, 
lhawbig  tedanaa  at  atailona  aleog  iha  wataiway  ara  htghar. 

CONCLUSION 

Leaa  Invohrad  oMibodaf  ma/ttt  «a  ta  uaa  of  BMan  monMy 
tamparaturaa  or  oonaldevatlon  of  mean  annual  tamparMwa  and 

annual  temperature  amplltuda.  may  ba  uaad  to  apprenlanla 
ireaaing  and  thawing  IndaMaa  at  aaioh  atatlon.  Hewavar.  oal- 
oilatfona  ualng  awaa  dU^  lamtMialMraa  give  more  accurate 
laaulta  and  provide  additional  faitemathm,  during  specified 
periods,  of  the  thawing  and  fraaalng  oaasona.  For  axample, 
the  time -summation  tabulation  of  dagraa-daya  (with  raapeot  to 
32*F)  cr  tha  tUM-auomtatlon-curva  alopa  during  apaelflad 
periods  Indicate  accumulation  of  rate,  and  conseciuently,  frost 
penetration  or  retreat  rate. 

Probabilities  of  any  given  number  of  degree-days  being 
I  may  ba  eomputad  Ibr  each  atatlon  ualng  tha  awan 
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vahiaa  and  standard  devlstiont  o(  the  indexes  listed  In 
ftUaa  I  and  n. 
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COMPUTATION  OF  THE  DEPTH  OF  FREEZING  AND  THAWING  IN  SOILS 


V.  S.  LUK'YANOV,  All-Unlon  Sci«nuftc  Research  Institute  of  Transport  Construction.  USSR 


Although  l»slc  laws  of  heat  conduction  are  known  arkd  corre- 
sponding differential  equations  can  bo  written,  solving  those 
e<iuauons  with  the  complicated  Interrelation  of  all  the  parame- 
ters to  the  function  Itself— to  the  thermal  regime— Is  assumed 
practically  Impossible  even  If  the  most  advanced  computing 
techniques  are  applied. 

Soil  Is  assumed  to  b«  a  nonhorrfegeneous  porous  medium,  the 
pores  being  filled  with  constantly  moving  liquids  and  gases. 
In  this  medium,  dependent  on  change  of  temperature  and  move- 
ment of  liquids  and  gases  and  on  the  change  of  their  physical 
state,  some  heat  sources  and  sinks  occur:  volumetric  heat 
capacities,  thermal  conductivity,  pattern  and  texture,  as  well 
as  amsotropy  are  continually  changing.   All  these  changes  in 
their  turn  influence  heat  transfer.   Furthermore,  the  mass  of 
soil  may  have  a  very  complicated  geometry  and  be  influenced 
on  boundaries  by  the  thermal  effects  of  rocks,  air,  sun  and 
other  radiation,  ground  water,  and  structures. 

Calculating  the  soil  thermal  regime,  put  In  such  a  way, 
seems  to  be  rather  difficult.  Even  for  a  relatively  simple 
calculation  of  a  one-dimensional  process  in  a  semi-inftmte 
space,  we  must  decide  what  kind  of  simplification  is  allow- 
able, and  how  to  carry  out  calculations,  say.  for  predicting 
the  natural  soil  thermal  regime  during  one  year  for  a  permafrost 
area . 

An  answer  to  these  basic  problems  was  obtained  by  com- 
paring results  of  field  observations  on  thermal  conditions  with 
those  computed  by  using  a  hydraulic  integrator. 

In  1914.  at  the  All-Unlon  Research  Institute  for  Railway 
Construction,  Moscow,  the  author  proposed  a  hydraulic 
device,  based  on  the  principle  of  analogs,  designed  to  solve 


various  problems  of  heat  conduction.    (The  author  received  a 
number  of  author's  certificates  on  applications  made  in  1934- 
193S.)   Subsequently,  this  device  was  named  "hydraulic 
integrator,"  for  it  helped  solve  problems  of  a  much  wider 
range.   The  method  of  hydraulic  analogs  and  devices  based 
on  It  are  used  successfully  In  the  USSR  for  solving  one- , 
two-  .  and  three-dimensional  problems  In  many  technical 
fields  Ll  to  6]. 

The  method  consists  of  programing  the  process  of  water 
level  changes  in  a  system  of  vessels  similar  to  the  change 
of  an  unknown  function  such  as  temperature.  Observations 
and  records  on  the  water  level  in  the  vessels  solve  the 
problem. 

The  method  of  computing  by  hydraulic  Integrator  is  based 
on  an  exact  mathematical  analogy  between  the  process  of 
water  movement  in  integrator  vessels  and  heat  flow  by 
conduction  in  the  ground,  when  certain  assumptions  are  made. 

Space  is  considered  in  terms  of  finite  differences,  and 
time— as  changing  continuously. 

The  character  of  physical  processes,  computed  by 
hydraulic  analogs  is  defined  by  the  following  partial 
differential  equation. 

ell  =  a.  /  aTs    i  AaTv    J.  /  aT\  ^, 
aT     ax  V.  ax  y    ay  V  ay  /    az  V   az  / 

where 

T  is  the  unknown  function;  e.g.  ,  temperature,  heat, 
concentration 

x,y,z,r  are  independent  variables:  i.e.,  the  three  space 
coordinates  x.y.z  and  time,  (r) 


Fl9-  2.  Nomograina  for  determirung  depth  ol  irost 


  »f_ 

Flfl*  3*  MowoQmns  iof  d<t>HWiiii8B  dtptfi  of  ftost 

m 
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e.a.b.c  are  known  positive  functions  of  x.y.z  and  some- 
times of  T  and  r  ;  i.e.,  physical  characteristics  of  the 
medium 

r  Is  a  known  fuixrtion  of  x,y,z,r  and  sometimes  of  T  ; 
I.e..  interna)  sources 

In  1937-1939,  results  of  field  observations  of  soil  tempera- 
ture changes  were  compared  with  those  computed  by  the  first 
Integrators  applying  simplifying  assumptions.    Data  of  field 
soli  temperature  changes  were  analyzed  at  various  depths  in 
the  course  of  a  year  in  areas  with  and  without  permafrost. 

Simplifyirvg  assumptions  follow:   (1)  Soli  Is  homogeneous: 
(2)  thermally  active  water.  (W)  In  kg/cu  m.  Is  constant  (i.e.  . 
the  quantity  of  freezable  water  is  not  Influenced  by  temperature 
change);  (3)  water  freezes  and  thaws  In  soil  at  zero  tempera- 
ture, and  the  latent  heat  of  fusion  Is  equal  to  80  kcal.'kg; 
(4)  heal  capacity  and  thermal  conductivity  depend  only  on  the 
frozen  or  thawed  state  of  soil,  and  change  stepwise  passing 
zero. 

On  these  assumptions,  values  of  moisture  content  (W)  and 
thermal  conductivity  (X)  were  selected  for  thawed  and  frozen 
states  separately,  which  allowed  the  reproduction  of  observa- 
tion data  on  temperature  behavior  at  various  depths  during  one 
year  by  the  hydraulic  Integrator  with  satisfactory  accuracy. 

By  comparing  results  of  computation  and  field  observations. 
It  was  shown  that  If  we  could  Introduce  In  a  certain  way  some 
average  parameter  values .  we  should  be  able,  using  these 
simplified  assumptions,  to  obtain  results  sufficiently  accurate 
for  solving  many  engineering  problems.   This  Important  con- 
clusion has  been  constantly  confirmed  by  practice- 

At  present,  we  apply  the  method  of  hydraulic  analogs, 
using  improved  apparatus  (Tig.  I). 

Calculation  for  the  hydraulic  integrator  can  be  made  more 
complicated.  If  necessary,  to  attain  closer  similarity  with 
natural  conditions.    For  Instance,  by  changing  the  vertical 
cross- sectional  area  of  hydrolntegrator  vessels,  we  can  con- 
sider a  progressive  freezing  of  water  In  the  soli  with  lowering 


temperature  [4,  pp.  139-143];  or  by  Introducing  sources  and 
sinks,  we  take  Into  account  the  heat  transfer  In  ground  due 
not  only  to  heat  conduction,  but  also  to  percolation  of  ground 
water.    From  the  point  of  view  of  extending  our  knowledge 
about  real  thermal  processes  occurring  in  the  ground,  the 
possibility  of  solving  the  so-called  "reverse  problems"  with 
the  aid  of  hydromtegrators  (the  possibility  of  analyzii^  the 
field  data  In  a  way  that  allows  us  to  define  more  precisely 
the  initial  assumptions  and  the  parameter  design  values  in 
various  conditions)  is  of  groat  value. 

In  mony  coses,  however,  we  need  to  solve  not  the  complete 
heat  transfer  problem,  but  the  simpler  one  of  finding  the 
depths  of  frost  or  thaw  in  specific  conditions.    In  such  a  case. 
It  is  desirable  to  obtain  the  answer  by  the  simplest  methods 
available,  without  special  devices.    Such  a  problem  we  meet, 
for  Instance,  on  earthwork  in  the  winter,  developing  measures 
against  frost  heave  on  roads,  determining  allowable  depths  of 
embedding  pipelines  or  foundations,  etc. 

For  calculating  the  depth  of  soil  freezing,  wo  improved  on 
the  equation  derived  by  Krylov,  of  the  Institute  of  Construction 
on  Frozen  Soils  [7,  8],    Krylov's  equation  is  essentially  an 
improved  form  of  Stefan's  equation  or,  to  be  more  exact,  the 
equation  of  Zaalschutze. 

The  suggested  formula  [4,  9]  (symbols  are  somewhat 
different  In  [4])  Is  expressed  as 


/^..ce\/Xa,       X9-qS  h\ 


(3) 


In  (2) ,  all  the  main  factors  determining  the  process  of 
soil  freezing  are  considered.   It  relates  duration  of  freezing 
(t)  In  hours,  to  the  depth  of  freezing  <h)  in  meters,  differ- 
ence of  temperature  (fl)  In  degrees,  thermal  conducuvity  of 
frozen  ground  (X)  in  kcal/m  dcg-hour.  volumetric  heat  capacity 

of  frozen  ground  (C)  in  kcal/cu  m  deg,  volumeUlc  latent  heat 
of  fusion,  (0)  In  kcal/cu  m,  heat  flow  from  underlying  strata 
(q)  In  kcal/sq  m-hour,  and.  at  last,  to  a  factor  (S)  In  meters. 


Fig.  4.    Nomograms  for  determining  depth  of  frost  (continued) 
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Fig.  S.  Nomognmt  far  dMnnanlng  daplh  Rf  fcaat  ioaeiaaatA 


which  rapraMiit*  th*  «topth  of  aa  aMumd  gieuiid  I«yi«r  with 
thMiul  raglataiK*  equal  to  that  9t  a  haat  Insulating  layer  on 
the  aoll  awfaea!  Snow,  itnw,  and  lO  an. 

Iba  pioeaM  of  dMlvJng  <2)  la  glvan  In  [4]  and  t9J  ■  It  la 
baaad  on  ti>*  ahnpli^ng  aaaunptlon  that  tanperatwra  dlalrttu- 
tton  in  tha  frofan  layar  at  any  nomant  eamsponda  to  that  of 
tiaady  haat  flaw.  Ihii  aaaunmion  la  ganarally  anonaoua; 
bat,  aa  ahown  by  eooHiantlva  calcnlatlona  on  tha  hydio- 
imagntor.  Ita  ma»gt  on  Ow  raault  la  ganamlly  nagllglMa. 

Bacauae  (H  la  lathar  Inaonvanlant  for  pnetloal  caleula- 
tlona<  M.  D.  Golovko  of  tha  Ml-Vnlon  Raaaaieh  InaUtiita  <br 
Railway  Conatruetloa  14J  davalepad  noaM^mna  (Flga.  2-5) 
for  thia  aquation  that  mka  It  aaaUy  naabto.  Iliaaa  ndmogrsma 
ahow  tha  ralatlonahlpa  of  dlaianalonliBsa  valuaa  A,  B,  and  H. 

whara  l\ 

and       H  =  | 

Tha  nomograms  can  be  uaad  for  aolving  vailous  proUaais. 
Tb  datamune,  (or  example,  tha  dapth  of  firaaxing  at  a  moment 
(t),  wban  soil  thermal  characteristics  arvd  thermal  reslstarure 
of  suifaca  heat  Insulation  are  given,  values  of  A  and  B  ore 
calculated;  from  A  and  B  on  the  nomograms  wa  obtain  tha  valua 
of  H,  and  the  unknown  value  h  equals  H  S. 

Using  these  nomograms,  we  may  easily  and  quickly  solvo 
practical  problems  relating  to  effects  of  various  factors  and 
develop  measures  to  control  frost  penetration. 

Equation  (2)  and  the  nomograms  can  b«  applied  L4. 
pp.  91-108]  in  more  difficult  ca^;i"   it  olc  l  'Ur-y  sni. 
freezing,  considering  changes  of  thermal  factors  related  to 
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tuna  and  daiMh. 

Wa  aolvad  the  problani  of  conpuUng  dapfha  of  sell  baaclitB 
to  ba  Includad  in  tha  Building  Coda  by  oonaldartng  divaraa 
condltlens  evar  the  bnad  tarrittry  of  the  USSR  [4].  ror 
daflnlng  inaNlaiuni  dapth  of  aeil  fraasing  during  tha  wlmar 
parlod.  It  was  taaaiUa  to  uaa  tha  saaia  fonnutoa  and  nOBK»- 
gxans.  rmt,  it  was  fiaoaaaafy  to  daflna  Ikclora  naponaibla 
te  maxlouw  wimac  ftoat  panatmtleni  aavan  factors  woto 
atatad— thrM  eUautie  and  low  thanaal. 

Cllmatle  fiKdnrn  an  (1)  dunaon  of  wlntar  aaaaon 
(2)  averago  diffaroneo  batwaan  air  taniiaratnra  and  laatparatura 
of  (ramng  aoil  water  during  tha  wtntar  M:  (A  avenge  winter 
haat  flow  from  the  underlying  stmta  to  tha  fMat  boundary  (q) . 

Thermal  factors  are  (1)  the  average  thenaal  aarfiea  foala* 
Uviiy  for  the  winter  period,  atao  taking  Ints  aeoouM  a  boat 
insulating  layer  such  as  snow,  represented  by  tha  aqiilvaloM 
daptii  of  an  assuatad  aoll  layer  (St:  (2)  volunatrle  haat  eapa> 
city  of  CroMn  aoll  (O;  O)  thermal  conductivity  of  fiosen 
aoll  U};  (4)  latent  host  of  fusion,  determined  by  thennally 
active  water. 

Duration  of  winter  SMSOn  Is  defined  by  the  laonthly 
average  temperature  curve.  Itte  average  difference  tietween 
the  temperature  of  air  and  that  of  ireeslng  toil  water  t* 
obtained  from  the  same  curve. 

For  simpli lying  calculations,  maps  with  isollnes  over  the 
European  part  of  the  USSR  were  compiled.  They  present  dutn- 
Uon  of  winter  (r),  mean  winter  temperature  (tf  for  a  csee  of 
water  fraesing  at  zero,  and  the  average  winter  heat  flow  tq),fi«ni 
underlying  strata  [4].  The  map  with  isollnes  for  haat  flow  la 
based  on  oonputatlons  performed  by  the  hydraulic  Integtaior 
and  studies  of  many  climatic  data  [4,  pp.  69-77].  Beat  flaw 
from  underlying  strata  is  a  result  of  sunuuar  haatino  of  the 
ground;  It  decreases  durirtg  winter. 

When  checklrig  our  method  for  determining  nuixlnua  frost 
depth,  many  comparauve  calciUations  were  parfbrned  using 


Copyrighted  material 


tlw  aquKtlom  (with  nomovmairf  moA  hydraulic  iaimtmUm:  thaw 
wan  also  oompafad  with  field  obsaiwatlona.  lha  raaulta 
pamltiad  ua  la  naeommand  thta  apgiwclaiata  laadiod  with 
conftdenoa  to*  miy  paetleal  mcpeaaa. 

lha  naw  aialhiod  and  actuattona  ean  ha  awlted  Ibr  OBlottlB« 
tlona  In  Mil  lhawiiig.  In  thia  eaaa.  It  U  aaiantial  to  eonaldar 
Mlar  radiation.  This  it  dona  hy  iBtndueliia  a  conaotlon  to  tba 
desigr  air  temperature  (t^.  Diniilo  NUTadlatlOa, 
<^f^ (kcai/     m  hou^  1>  aetlns,  tha  ealaalatton  praoMa  oan  bo 
performed  at  uaual,  ofiiy  iiihatltutlxis  for  tha  raal  air 
temperature 


where  a  is  the  heat  tf-inyti^r  crocdli-liMit  ot  the  .--oU  ;;jilace 
[4,  pp.  28-32].    Il  is  qult<_!  ovideni  th.il  voluinolric  heat 
capacity  and  thermal  nonductlviiy  should      considered  (or 
thawed  soil;  therma".  surface  resistivity  shouid  represent  the 
real  surface  cordiuons.  such  as  vegetation,  etc. 

Technical  progress  requires  solutions  for  more  and  Tiorc 
complicated  prcbiens  of  heat  transfer  fro.Ti  soil  to  different 
structures  and  arriingt-monts .    In  t.heso  ca.ses,  studies  anC 
calculation;;  aii>  ptiilonrn^d  mostly  by  hydraulic  Integra lor.s . 
By  .ipfjlyir.g  hydr-'suhc  Intoijrators ,  com(j|  Ic.atod  pmhltrmfi  ol 
hea!  trdnsfrr  as  a  slmultani'ous  ofd-ct  of  h<-at  coiuiutrilon  and 
moving  ground  water  art  lolved  t6].  Ground  water  iiow  can 
be  calculated  a rui ly tically ,  by  alaetHcal  analoot  or  by 
hydraulic  analogs. 

Further  analyses  of  field  observations  should  be  compared 
with  reverse  problems  solved  by  hydraulic  integrator.  Thus, 
calculation  assumptions  would  be  Improved  ana  safer  prog- 
noses would  follow,  based  on  proved  assumptions  and  values 
of  parameters  obtained  from  field  observations. 

The  method  of  hydraulic  analogs  is  widely  prsctload  In  our 
country  for  it  is  simple,  cle.ar,  flexible,  and  avallahla  to  tho 
personnel  of  variout  envlntarlnd  branchet. 
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TEAAPERATURE  FIELDS  IN  FOUNDATIONS 

G.  V.  POMOiA'XEV,  V.A.  Otaracdiav  Pama&eat  Aaaaafdi  taatttuta,  Meaoow 


Determining  tattpttatura  fMda  io  Itoundatlona  la  iraponanl  in 
finding  opunuB  aoluuooa  whan  aiaotlnB  atnieturaa  on  pann* 
teat.  Iteo  aaln  typaa  o<  tatvontm  fi*ldi  an  Wwa.  lha 
firat  la  abaxt^atlaad  by  a  thawad  bawl  (aa  tta  atruetura  la  In 
van.  tho  gnund  tndvallr  thanva  aadar  Ita  iaundaUotO .  Qm 
aaoond  la  abaiactarlaad  by  a  aaaaonaUy  ttawad  layer  (white 
tha  toondatlon  lanalnt  boaaa  dndng  oparatloa)i 

Datandnlng  tamperatura  flalda  in  fraaalng  and  thawing  aall 
with  apaelUc  conditiont  of  latent  heat  of  fualon  la  «  dltfleult 
problem  of  owthematical  pbytlct.  Mathematleal  diftlqaltiaa 
made  it  necessary  to  find  eatlar  wayt. 

When  moitt  soil  thawt.  the  raaxlnum  amount  of  haat  la  eon- 
tumod  in  changing  tha  phase  composition  of  the  water.  The 
Intarteea  batwaan  frosan  aitd  thawed  toll  utually  moves  very 
alowly.  Aa  a  result,  the  teaparatura  field  in  a  thawing  toil 
layer  It,  at  any  given  moment,  nearly  ttaady ,  to  that  the  non- 
steady  nature  Of  tha  process  may  be  regarded  as  a  continuous 
transition  from  one  steady  state  to  another.  This  method  in 
which  the  liquid  movement  at  any  given  time  Is  assumed  to  be 
steady,  whereas  Its  boundary  is  slowly  moving,  is  widely 
Uted  for  solving  many  problems  In  hydromechanics. 

K.  C.  Lembke  was  the  first  to  use  this  principle  (1880  [1], 
known  in  hydromechanics  as  the  principle  of  successlva 
changes  of  steady  states.  It  was  successfully  applied  to 
problems  of  melting  and  solidflcatlon  by  L.  S.  Leybenaon  C2] 
when  solving  problems  of  liquid  solidification  in  a  eloggad 
pipallna. 


On  tha  taaita  of  this  principle.  oMny  aolutiena  ata  oMalnad 
to  doltntfaa  traaalng- thawing  depth  in  anlat  aolla  iw  aoo- 
dlaanilOBalpieeaiaaaCS].  thaaa  aolutlone  m  dtgOaBwlahaJ 
Iqr  dlfiamit  aatfieda  of  dalanitnlaB  hoandery  oondltiona>  thai^ 
■Ml  capacity  of  tha  flMcteg  or  thawing  aoU,  boat  lataka  8nai 
thawad  aubioila  in  oaaa  of  fraaalng,  and  haat  outlat  into 
fkoaalag  aobtoUa  in  case  of  thawing. 

Of  two-dlnwnatonal  pioblama.  moat  developed  are  soluUona 
for  datanalnlng  fraaalng  tfaaa  of  a  cylinder  or  changes  in  tha 
ladiiia  of  aoll  firaazlng-fiiawing  amund  pipes  [2,  4,  5].  aolu- 
tiena an  also  found  for  a  half- space  whose  surface  carries  a 
oonatant- temperature  heater  (strip  or  rectangular  shape).  Thaaa 
solutions  are  obtained  by  introducing  empirical  factors  to  ona- 
dimenslonsl  solutions.  They  give  the  thawing  depth  under  tha 
canter  of  the  strip  or  rectangle  or  even  along  the  entire  width 
of  the  strip  [6.  7,  8l.   Until  now  the  only  analytic  solution  Of 
a  two-dimensional  problem  for  half- space  provided  with  a 
strip- type  heater  of  constant  temperature  was  8.  8.  Kovr>er's 
solution  [9]  ,  published  In  1933.   All  these  soluuons  are 
based  on  the  principle  of  successive  change  of  steady  states. 

Kovr>er  most  clearly  stated  the  main  prerequisites  for  Its 
application  [9]:    (1)  Interfaces  of  a  medium  In  thawed  arvd 
frozen  conditions  are  isothermal  surface*  ol  steody- state 
temperature  fields.   (2)  In  thawed  and  frozen  zortes,  tempera- 
ture fields  are  described  hy  tho  equations  of  steady- stato 
temperature  fields,  with  zone  interface  ngnsteady. 

In  Ihta  cata  tha  thanaal  balanea  oqnation  tag  «m  intarfhca 
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of  tha«r«d  and  (irozen  zon»»  (Suten's  condition)  for  two* 

dimonslonal  problems  Is: 


ds  a  9w 


4T 


>3nd  for  throe-dlmensionai  problCIM 
where 

IS  thawed  zone  temperature,  depeixling  In  a  two-dimensional 
problem  on  x  and  B,  Bnd  tn  •  tluM-fllMnBliMial  pialiloai  OD 

X,  y,  and  z 

is  sinilar  for  frozen  zone 
Xj.Xf.i  I'j  coi-fficicnt  ot  thi-rmrtl  cortdiicuvtty  in  thawed  and 

fro/.rr;  mrdium,  rc^spcctiv^My 
f  15  cOordinaK!  of  zone  Inicrlace 
o  13  latent  heat  of  f-jsion  of  ice 
w  Is  quantity  of  ice  in  frozen  medium 

v(0  ,V(£)  Is  volume  confined  between  outer  boundary  of  thawed 
zone  and  malting  surface  for  two-  and  three-dimensional 

p  r :  L 1  '  n  s ,  ntpOOttVOly 

T  Is  time, 

1^  la  dartwttva  wtth  raapoot  to  nonMl 


displacement  on  this  surface  Is  also  valid.  Undei  -Ju:.  condi- 
tion, tempersture  distribution  In  the  thawed  zonf?  ]•;  iOLind.  To 
comply  with  thr  l<iw  of  displacement  o(  the  rone  interface,  a 
cT-rljin  varljb'.e  temperature  must  be  maintained  or,  the  frozen 
zor.e  twund.iry.    The  law  of  temperature  char>9es  must  be  such 
(hi5t  zone  interf-3CO  displacement  remains  'jnchanged.  This 
temperature  can  be  called  "auxiliary"  since,  as  shown  below. 
It  does  not  occur  in  the  final  res'jlt.    If  there  are  two  boundaiy 
conditions  for  any  problem  (one-  ,  two- ,  and  threo-dlman- 
I  dlairtbuUen  in  tbo  thawod  wm  la 

(9 

whan  tO|  li  MixUlwy  tanparatura  en  thaMod  aona  bewidanr 
f  (x,  y,  w  la  a  CMftaln  ftmetlen  dapandlnt  en  tha  ^ratan  oea- 
ttvurattoB  and    la  saie  en  tho  imnrfaoa. 
flatting  (A  aqua)  to  aaie  glvoa 


f  (x 


z  ) 
o 


OB  =  »p  <««o- V»e»-* 


s_  ara  eocrttnataa  of  a  oartaln  point  of  tha 
o 


whan  X  ,  y 
Intaifaea. 

Temperature  In  the  thawed  zorta 


t  (x. 


)  -  f  <x.  y.  a) 


f  U 


nitdUigi 


I  dlalrtlMdlon 


I  far  iliawad  and 
r  intricata  eonflgwotlaiia. 
and  aohrtiig  (1)  and  (0  la  a  milmr  difficult  aHttar.  fior 
inalanea,  Kevnar  ooafinad  blmaolf  lo  audi  a  aolultan  of  tho 
I  tha  half- apaoa  aurfaoo  waa  given  •  eonclant 
I  ana  atrip  of  width  2a.  -  a  <x<a,  white  ilia 


o  o 

dlatrlfautlon  in  the  Anaon  i 
f  k.  y.  d 


where  tpg  la  auxiliary  tenvantun  on  tho  thawad ; 

bound.ity . 

1 1  <  s)  for  tha  InlarfBce  a^uala  mo,  tha  IbUewloo  oquatlen 

is  obtained 


Finding  tho  tanparatura  dlatrl button  fuitotlons  for 
CtMonieMBhyelaaalflal  mlhods  leads  to  this:  It  la 
taiy  to  eanafdat  taie  taeduia  having  complex  condgumtloaa  of 
their  booiidHy  amfaoaai  flw  Oe  fnaen  aoea  it  la  a  half- 
■pace  with  a  cavity  whoao  aorihea  la  an  Inlatftca  of  thawad 
and  ftosan  aonaa.  A  aoM  er  loo  ataltlng  tamperatura  In  tha 
Mdlttm  la  preaent  fbr  dila  ainfaoa.  whUa  tha  haU-apaea  aur- 
faoa  !■  given  a  temperature  differing  from  zero. 

lb  determine  the  temperature  distribution  function  In  the 
thawed  zone,  this  distribution  muat  ba  considered  tn  tha  region 
confined  by  the  interface  of  thawad  and  frozen  zones  with  tha 
surface  tempaiatura  of  aaro  (or  of  tha  lea  malting  temperature) 
and  by  a  contour  on  which  the  thawed  zone  boundary  condition 
la  gtvan. 

Even  with  the  zone  interface  predetermined,  classical 
methods  sometimes  fail  to  flrxl  temperature  distribution  In 
thawed  and  frozen  zortes.  Further  operations  (taking  the  deri- 
vative with  respect  to  normal  and.  particularly,  calculatlr^g  a 
double  integral  in  a  two-dimensional  problem  and  a  triple 
integral  in  a  three-dimensional  problem  with  complex  outlines 
of  the  zoiws)  are  possible  only  'o»  simpN-  cuttms.  Therefore, 
it  is  propsed  Ittht  tom(>cr.5tuio  di 5trlt>ution  functions  in  thawrd 
and  frozen  zones  b<?  deturnined  by  using  an  auxiliary  tempera- 
lurcr  and  reducing  multiple  integrals  to  simple  ones  with  tha 
same  initial  conditions  assumed  by  S.  S.  Kovner. 

The  frozen  zone  boundary  Is  given  a  temperature  (tQ);thC 
thawed  zone  boundary  is  given  a  tompctaturo  (tp)  ,  On  t.ho 
thawed- to- frozen  zone  Interface,  the  temperature  is    m  u.d 
Ice  melts  on  the  same  surface.  Temperature  spread  in  each 
zone  Is  qurtsl- stiiiloniiry  at  finy  given  moment,  and  is  deter- 
mined by  the  attitude  o(  the  interface  and  by  the  temperature 
on  tho  zone  boundary.  So,  the  temperature  on  the  frozen  zone 
boundary  has  no  direct  effect  upon  temperature  distribution  in 
the  thawed  zone;  it  only  affects  the  location  of  the  zor\c 
interface.   The  same  inlluence  on  the  frozen  zone  temperature 
field  Is  exeitod  by  tba  tanparatwa  on  tha  thawad  aona 
boundary. 

If  no  loo  awMng  oecura  on  tha  lona  intarfheo.  the  laiw  of 


»pB  •  'o 


oaeaa-     Ihon.  toaiparature  m  the  frozen  zooe  aqiiala 


=  t 


fi  .    Mx,  y.  z>  1 


On  the  basis  of  (4)  and  (6) ,  final  solutions  may  beobtaUMd 
from  ooiMiitlons  of  (1)  and  (2)  by  simple  methods. 

For  simplicity,  an  example  was  considered  wtth  two  given 
temperatures:  One  for  the  thawed  zone  boundary,  and  the 
other  for  the  frozen  zone  boundary.  In  a  general  case,  differ- 
ent temperatures  may  be  given  for  any  number  of  sectors  of 
zone  bouiKlarles,   In  such  a  case,  n  sectors  on  the  boundary 
of  one  of  the  zones  must  correspond  to  n  auxiliary  tampara- 
tares  on  the  other  zone  boundary. 

In  most  applied  problems,  the  temperature  fields  have 
planes  of  symmetry.  For  these.  tQg  and  tpg  are  found,  with 
X  s  0,  y  =  0,  and  z  ■  (q  (three-dimensional  probleada  cr 
X  •  0  and  z  •>  (o  (two-dimensional  problems)  where  4e 
thawing  depth  in  the  plana  of  symmetry  at  any  given  menent. 
Besides,  temperature  gradlanta  In  thawed  and  frozen  zones 
can  alio  ba  datMnlnad,  with  x  ■  0  and  y  ■  0.  or  with  x  ■  0. 
than  <1)  and  (0  ara  axpraaaad  by 


*T  p  f(tJ  -  I  *M  o  f  ({)  " 
Solution  of  this  e<}uaUon  gives 

 t  te>  -  ! 

'O  i-ofl-J^l 


dT 


where  qe 


Vo 


Having  determined      at  time  r  from  (7) ,  wo  find  the  con- 
flgiBetien  el  the  imerface  benraen  thawad  and  liesan  aonaa  at 


MS 
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dw  MM  moBtem  (rom  (4  or  <4 ,  aawmlOB  If  or  t||  an  smo 
fix.  y.  t)  ■  I  m 

If  Maparatun  on  tha  boundary  of  tha  froxan  cona  ia : 


than  4  ■  0,  and  daplh  of  thawioQ  ^  taoda  to  Infinity.  wMi 

>.  thar 


inftnltar.  If  valuaq  la  not  aan.lhan  tha  thawing  daplh 
tanda  to  a  oartaln  lhaU  ip^  «Mth  lirflaite  Unn.  Brldantly.  if 
r  tanda  to  lnflntty«  than  tha  auMntasral  functioa  danoaanator 
In  t7}  muat  tand  to  aan.  Thua,  tha  axptaaalon  Car  datannlning 
the  thowing  dapth  Unit  la 


whara 


(9> 


Si»o-Vp 

Iha  aquation  of  the  intorfaea  of  llMwod  and  fmaao  aonaa  la 
l(x.  y.  *)  «  f(tp^)  (1« 

Taaiparatwa  dlatrlbutlon  ftinctiona  In  thawad  and  iiosan 
aoMaataoytlaMT  JnooatpUanoawlibM  andiO  araaqiialto 


•t-S  f 


fU.  y.  d 

ttij 


cm 


The  dlstrlbotlen  oi  t«mperaturaa  in  tha  thawad 


=  0  IS  alto  axprataad  by  (n) ,  sinca  thla  distribution  is 
determined  only  by  tanparature  t   and  by  location  of  the  zone 
intarlaca;  any  other  value  of  t^  changaa  only  the  value  of 

Taatperature  distribution  In  thawad  and  fioxen  zones,  in 
tha  case  o(  the  thawing  Umlt,  is  detannlnad  by  (11)  and  (12) , 
With  tp  =  «p,. 

aovoial  oxaatplos  lUuitrate  the  application  of  tfala  owlhod. 
IhawtnB  of  a  aoll  BMaa  bounded  by  ^ane  k,  y:  On  tfw 
auifaea  a  eenatant  taaiparatuia  (tJ  la  nulntalnad  in  atitp. 

I  flwuMint  of 


wldttkSa,  •aS]|COta«tfaaaidSMintofthB«<r>(l|: 
tuMtoOutaidatha  aiilvtt«x««aad-CDXit«- Hnat^ 
oonduetaaoo  ooaffUdanta  of  tiumad  and  harntnk  tmdim  Httm< 
idltiana  apply  In  ftDdlns  tha  thswlnB  depth  and 
I  flaMa  In  tha  fowdatlanof  •  ainienva  whoa* 
laatOi  la  anich  gtoatar  than  tta  width. 

Ttm  sloadr-ctata  Bald  idr  a  half-apaoa  In  flw  eaaa  of  a 
tMo-dtaanaienal  pnUan  with  a  oonatant  tamparatuta  (ti) 
glvan  on  tha  atrtp  -  a^  x  a  a  will  hav*  tha  fotn 


z)  -  -j-^arc  tan-^Y^  +  «retan-*j^^-  t^ 


f(x.  a)  (12a) 


or  for  the  plane  ol  symmetry  x  ■  0 


l(z)  ' 


2t 


1  a         t  \ 

—  arc  tan  -  »  t,  f  izj 
"  z 


Than,  tha  llmltlna  dapth  of  thaw  in  tha  syauaatry  plana  la 
(91 


(13) 


I  aw  tan  'q. 

&Om  which        =  cot  ^  qj  =  «Pj  (qi) 


The  graph  of  function  0^  is  sttown  in  Fig>  1  (otiiva  (or  n*oa). 
Ooordinates  of  the  interiaea  Uatft  of  tha  thawad  and  fteam 
aonaa  are  found  fiora  (8) 


are  tan 


*  are  tan 


are  tan' 


).  coordinate  x  of  intorfac«  surface 


2  Z 


(14 


6 


oil 


0.2 


0.3 


04 


0,5 


Fig.  1.  foundation  thawing  Umlt  under  center  of  structure  in 
two-  and  thiaa  dlnianilonal  proUana 

whara  ia  thawing  dapth  at  a  dlttanc*  *x  linn  tha  plana  of 
ayauaatry. 

Changta  in  thawing  dapdi  with  raapaet  to  Una  in  tha  plana 
of  wnuBOtiy  with  x  ■  0  ara  feund  ten  (7)  by  Inaaitlng  valuaa 
of  f  (a)  and  f*(d  with  a  * 


2  *tV 
whara  1,  ■  -  —5 — 
*    '  a  ow 

The  gxapha  of  tunetloit     are  repraaanlad  in  fig.  2  leuiva 

Ooordlnataa  of  th*  lalarkaa  of  dia  thaiwi 
attlna  1^},  aimiarto(l4r  ara  found  llrom 


(IS) 


whara     la  thawing  depth  wlfli  x*  0  at  a  1 
Tanpantura  dlatrlbutlon  In  dw  Hwwad  1 
fRMndl): 


2  arc  tan 


a     I      .     a*  X  ^       _     a-  X  I 
-  ^arc  tan  — ^  ♦  arc  ten  j 

2  aro  "  • 


and.  In  tha  ftoaan  aono.  froai  (12)t 
a+j 


I      arc  tan-^^  *  are  tan-^^  \ 


(17) 
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DlMrlbuuon  of  t«mp«returat  In  tht  thawwl  and  tnum  wanu, 
with  tiM  Umiung  position  of  th«  zom  IMMteeo,  U  also  found 
by  M  mud  (17) ,  urtth  £  =  {  . 

In  applying  this  netnod  for  •  dme-dtmwwUuwl  pnblen. 
actum  that  tampaiatura  tp  la  nalntalnad  fiRm  r  *  0  on  tha 
lialf-waoa  aurfaea  in  tha  araa  -  a  *  x  *  a  and  - 1>  *  y  *  b  (tha 
atnietuw  la  raetanoular.  SaxZb.  In  plant  ■  Bayend  thla  araa 
tha  tatnparatuw  It      CoafOelanu  of  HmomI  eonducttvity  of 
tha  nadlum  in  tha  thawad  and  flmaan  alMaa  Afiar. 

Whan  a  cenatant  tanpaiatuta  t|  la  awlntalnad  en  a  raetanp 
gular  ana  leeatad  en  tha  half-apaea  autfaea.  tfaa  taoipantura 
at  any  point  of  tha  hall-ipaea  in  a  ataady  atala,  aquala 


tU.y.d.^|^ 


arc  tan 


(x  t  a)  (y  »  tj 


zjz2  *  (x+«)2  «  (y*i*» 


arc  tan 


«/«**bi-a)2*(y*tt« 
-  are  tan  — .  ^ 

aya2  +  (it-a)»*(y-l*'J  * 
For  tha  axla  of  aynmatry,  with  x  ■  0.  y*9 
2t. 


tW  ■  -J-  arc  tan 


a  b 


— ^====  =  U  ' 


(1 7a) 


Ihe  depth  of  dMwrlngi  lhalt  on  tha  axla  el  ayianetiy  la  found 


2 


:  tan 


and  It  follows  that 


4-  ^ 


Plg<  2.  Ihawing  depth  with  time  under  the  center  of  a  stnic* 
t«xa  In  twe-  and  thraa-dlmenatonal  piehlaHa 
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when  n  ■  h/a< 

Giapha  of  ftinetlent  f2      pntMtad  in  ng.  1. 

Puttlne  value*  of  ftinetlon  f<d  and  Ita  darlvatlva  In  f).  we 


1  -  —  arc  Ian  — ^===^ 


1      -  aictan  ■  ,  =  I 

n(2  u'+  1  +  n^l  J 


(18) 


The  graphs  of  function  r2  are  shown  In  FI9.  2.  From  theaa 
graphs,  with  the  value  n  >  2,  the  depth  Of  thawing  can  be 
calculated  bom  (IS)  with  suflKdanI aeeixaey.  I.e..  solution 
of  tha  two-dimensional  pmUem  may  ha  used  for  Ihla  type  of 

three-dimensional  problem. 

To  illustrate  the  umversality  of  the  proposed  method,  con- 
sider the  following  problon:    A  tube  of  radius  r^  Is  placed  In 
d  soli  rr.riss;  the  distance  from  mass  surface  to  t  jbe  center  Is 
ho-    Temperrtturi!  tp  15  n.ilnt.ilrwd  on  the  tutie  surfAce  from 
T  =  C:  ;hc  m.i»s  surface  temperature  is  Iq.    Coellicjepjts  of 
hi-.}i  (.-or  ductivlty  of  the  medium  In  thawed  and  frozen  condi- 
tions liillcr.    rind  the  limiting  d<?pth  of  thaw  under  the  tulx- 
ani-i  chdrrijcs  of  thaw  dopth  with  time-    The  coortlir-nto  origin 
IS  pljced  on  the  mass  surface  In  the  planes  of  symmctrv:  the 
value  cf  to  :s  measured  from  the  origin  of  coordinates-  The 
steady  state  temperature  field  around  tha  tube  is  described 
by  tha  aituatlon  of  FonMi^nMr. 

\2 


in 


t(x.  s)  ■  t]- 


x'*(.-/ 


o  o 


7 


"  t,  f(x.  1) 


Per  tha  plana  of  symmetry  with  I  x  C  ■  0,  tiie  equation  la 


,  V  *  Jm^  -  1 
In  

t(a)  ■  ti  — y-j'  \'  t.  f  (v) 


where 


In  keeping  with  (9) 


iB  n ♦  Jn^-  l)  ' 

from  which  it  follows  that  the  llmltinB  depA  of  thaw 
canter  of  tha  tube  is 

The  graphs  of  function  0^  are  given  In  Fig.  3. 
The  depth  of  thaw  with  time  is  found  by  putting  values  of 
tM  and  f'M  In  (71 
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Fig.  3.  Thawing  hnilt  under  canter  of  tube  with  different 
mliMS  et  at 


4n 


V  + 


^m'  -  1 


V  -  ■/  m   -  1 


1  -  q 


1    tvimJm^  -  i) 

,  v*Jwt?  -  1 
V  -  y      -  1  . 


ths  flmpihs  of  funetton  an 
Coiuldar  tMiparatura  fields 
datton  «oUa  nnaln  fncan. 


in  Pl«.  4. 
alruetima,  whara  touif 


Vantllaiad  callara  aiv  tiia  daalgn  awat  wUaly  uaad  tor 
kaaplng  tlw  faundatioa  frasan.  In  Ala  eaaa.  tha  thleknaaa  of 
aaaaonaUy  dwwad  layar  dtttara  from  Ita  thleknaaa  kafen  ooii> 
atniflMoii*  Tha  tanparatm  eondltion  of  tlw  feona  toundattoa 
alao  obangaa.  Calculation  of  an  avaraga  annual  tanpataiura 
of  soti  in  the  structure  foundatian  laay  ka  daaolkad  ky 

'v.  "  'o  -  ^'o  -  V  ' 

where 

t  IS  avaisge  annual  taaipantura  of  tha  aoll  awfaea  at  a  dapth 

ol  Mto  annual  awpJltuda 
tptta  moan  annual  tanpantwa  of  tha  soil  surfaea  undar  tha 

-struetura 

Funeuott  f  be,  y,  d  dapanda  on  tha  plan  and  slsa  of  tha 
atnietura.  Far  awamplo,  far  a  atrueturs  whosa  width  Is  oobp 
aldanblylaaadianltslaineth,  ttlaluaetloaf  tea(12a).  If 
tha  plan  of  tha  atrueuua  la  raetaaoular.  It  is  fuoetlOB'f  fima 
(17a),  ale. 

Oowevw.  until  rom  there  has  bean  no  awthodof  datamln- 
Ing  tha  nosUnal  tanvaratwe  (t  J .  la  a  vanHlatad  oaUar. 
paitodle  taotparstura  duagaa  of  tha  soil  sivfsea  oeeur  within 
a  portod  T  of  ena  yaar. 

To  daiamtaa  tha  ammo*  amtMl  taaparatora  of  tha  soli 
aurfaoa,  conaldar  tha  ehangaa  of  ita  tamparatwa  at  graat 
dapdxa,  aoaia  ICO  to  ISO  m,  eausad  by  parlodlc  tamparaturo 
fluotuatlona  on  tha  awfaea.  Apparantly,  tamparatura  change 
at  such  dopths  is  navUglUoi  howavar,  it  la  not  tha  value  of 
the  ehanpa  diat  la  of  iaiarast,  but  tha  posslMUty  of  ita 
delemlnation  in  pclncdpla. 

Iho  tbawlng-fraeaiag  boundary  is  displaced  in  tha  soil 
wlMn  a  layer  bom  0.2  to  2  m  thick.  For  fonnlng  the  tenipen- 
tim  ftold  at  depths  of  100  to  ISO  n,  such  a  boundary  dis- 
placement la  pneUeslly  equivalent  to  the  condition:  That  a 
temperature  of  O"  (or  the  soli  thawing- (raezin^  temperature)  is 
maintained  on  dM  soil  surface  in  the  freesing- to- thawing 
period:  then,  ebanges  in  soil  tsmperatura  at  indicated  depths 
are  caused  by  the  followtno  kinds  of  pertodle  tenperaturo 
fluctuations  on  Its  surface.  In  the  periods  of  thawing  iT^)  and 
freezing  (Tp)  the  surface  tampers ture  is  equal  to  0°  or  to 
Ireesing  tomperoture,  wherees  when  the  soil  is  eompleuly 
frosen  the  usual  course  of  the  tauvaiatufa  laaialna  on  tha 
surface  (Fig .  S) . 

Periodic  fluctuations  are  known  to  Occur  aiound  a  siean 
value.   In  this  particular  casn,  the  soil  average  annual  tem- 
perature (t^)  serves  as  the  axis  of  fluctuations.    In  a 
homogeneous  medium  this  fluctuation  axis  is  parallel  to  the 
axis  of  depths:  i.e.  .  from  the  surface  to  any  depth,  the 
average  annual  temperature  Is  t^. 

Thernophy.s:c.il  ch^-.i  icti-rlstu -^^  of  frozen  soil  depend  on  Its 
tempcr.5turi);  thnioforc,  th<iy  conriltion  displacement  of  the 
temperature  Jiuctu-ation  axis  which  Is  o  rjrvr-.  However, 
thermophysicj;  ch.3r.3ctorlstics  of  frozen  soils  jrc  ctmsldorcd 
constant,  nvcn  v.jthin  the  layer  of  annual  tcmperciture  fluctu- 
ations where  it  undergoes  ma.xirnum  changes.    As  stated 
by  V.  A.  KudryavtBov  L  10,  .  .3Vl^^.1gf•  iinnu.^l  temperature  Iq 
shifts  to  positive  or  negative  temp  I't.itures  only  within  the 
seasonally  thawed  layer- 
Thus,  It  follows  that  the  soil  ,5v<-i,i^o  nnnual  temperature 
(neglecting  the  geothermal  gradienO  from  thi-  bottom  of  the 
so.ison.illy  thawed  layer  to  any  depth  equals  the  cooling 
in|:uif:<^  .^re.^  0  (a  freezing  Index,  V8k)  divided  by  tha  duration 
of  tho  period  (Fig .  &) . 


(21) 


This  temp«iaturt:  must  be  considered  nominal  when  soil 
ternper.-ttuio  In  the  Structure  foundation  Is  provided  With  0 
ventr.ateJ  cellar.  I.e.  .  tp  -  Iq. 

If  wo  aFproximitf  ihi-  curjc-  th.it  bounds  the  coohng  impull 
area  by  a  sine  curve  of  amplitude  A,  the  equation  for  finding 
the  avaraa*  annual  tenpentun  of  tha  oellar  soil  swfaea  Is 


jir^.Tj^cos-fp 


(24 
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Fig.  4.  Thawing  with  time  under  center  of  tube  with  diilerent 
voliw*  of  m 


To  evaluate  (2U)  and  (22),  wt>  t.h-'M  cf3inp.irn  ihc  calculated 
results  with  observed  data.    This  comparison  Is  given  for  five 
most  characteristic  points  in  a  p<-tx.:>lror!t  .ircn  under  natural 
conditions.    Depending  on        number  and  time  of  observa- 
tions, depth  (h)  war.  oonsldor'-rj  a  daturr.  surface  from  which 
temperature  w^y  measured.    Accoralr>.'3ly ,  the  values  ot 
^l.-        and  Ow«r«  token  at  that  depth.   Results  o(  calcula- 
tions bom  (211  and  (Xl)  and  «bMiv«d  data  am  given  ta  tha 
table. 


TabiP  Calculati- 

3  ^  f   '^f^  ]  1 

:i  VI?  rage 

annual 

temjiera!  . 

ni        ■,  '  ■  . 

1 -.1  t  h  .i  w 

Da^il 

Average  Annual 

.H?   ,  , 

h 

dag 

Equations 

Points 

W 

21 

22 

Actual 

Tiki 

1951  to  I9S2 

0.25 

-MO.l 

-11.6 

-12.0 

•11.4 

Suntar-Khayata 

19S710  I9SB 

o.a 

-119.2 

-  9.0 

-10.0 

-  9.4 

Amdenna 

19S7  to  19SB; 

0.4 

-  9$.l 

♦  4.S 

-  4.S 

-  4.S 

Yakutsk 

1957  to  i9sa 

0,2 

•  29.1 

-  2.4 

-  2.0 

-  2.4 

Vorkuta 

1999  to  1960 

0.1 

0 

0 

0 

0 

Though  (22)  only  approximates  the  area  of  cooling  Impulses^ 
O,  It  fully  reflects  the  physical  nature  of  the  process  formir>g 
-.erefore  .  o:,  the  basis  o:  (22).      tf5i:iulH!d  v<?ntilation 


T_.  and 


may  be  deterrr.l.-ir'd  for  «  cellar,  varying  values  r 
A  to  obtain  thi'  venti j,itioti  condition. 

From  (20)  with  tp  known,  only  .jvf'iije  .jnnu.nl  temperature 
values  may  bo  determined  .at  3ny  [lomt  of  a  foundatiori-  During 
the  year  the  tomporature  of  a  frozen  foundation  chariges  peri- 
odically.   Attenuation  of  the  amplitude  (m     tv,-o- dlmer.sjonnl , 
and  mora  so  In  a  three- dimensloiuil  problem)  must  occur  more 
ittanalvaly  thas  axpaetad  fna  Fouclar'a  law.  Una  taqnlna 


Fig.  S.  Actual  temperature  change  of  surface  ami  in  depth  o! 
soil  thawing  in  cellar  during  year  (.3)  and  nomir.al  v.iiue  (b) 

rt  special  solution.    To  determine  maximum  soil  temperatures 
under  the  center  of  a  structure,  the  temperature  amplitude 
attanuauon  may  be  found  to  the  lltat  d««re«  o(  approxlmauon 
by  ualno  foiMar'a  law. 

T9  find  BMXlmum  tomporatur*  with  respect  to  depth,  an 
averaga  annual  tamperaturo  (t|^  of  the  soil  at  maximum  thaw 
depth  nay  ba  assumed  as  an  initial  amplitude.  Tempetatum 
fluctuation  amplitude  A  at  depth  (  la  calculalad  Iram 


where  K  ta  coafftolant  of  thenaal  conductivity  of  th«  ground. 

Than,  maximum  soil  temparatura  (t»yj  undar  tha  eaatar  of 
a  ainietura  whose  lengt.^  is  man  ttan  twlea  Ita  i 
aoeordlng  to  (201  and  (12a).  la 


"  t. 


( 


1  -  axp 


I 


t  - 1 

♦  2-^—2 


1  arc  tan  - 
(  * 


arc  tan  exp 


or  for  «  structure  rectangular  In  plan.  If  the  ratio  of  its  sldaa 
Is  equal  to  or  lass  than  two,  according  to  (20)  and  (1 7a) 


Fig.  6.  Changes  in  maximum,  minimum,  and  average  annual 

IOf< 
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Fig.  6  pmams  tbm  ehang*!  of  luxlinim,  naBlaraa.  and 
«vwag«  amual  coil  t«atper«tuceB  witli  raspMt  to  dapth  widtr 
a  atraetyra  with  a  vanUlatad  eallar. 

n0>  fia  ahows  vanUlation  condiuons  pnsent  go  that  tha 
ioll  fa  coolad  additlonaUy  tg  <  tp.  ri«.  $b  lUiuttataa  aofl 

I  (tp  >  V  -  ^        f>vu»*  tp  daalgaataa 
— — — >  of     collar  loll  awfaca. 
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P.I.  MELNIKQV— Tr.i;  .Shetgln  mine  was  sunk  at  YckhIsk  more 
than  100  yoars  ago.  rro:i.  liiAA  '.o  it  was  Inveaiiqiiied  by 

Mlddend<w(  who  observed  rock  ;eniF«ratuic  changes  lo  o  depth 
of  Uti  iri .    His  l.v.'eitlgjtlor.a  yielded  evidence  \^lch  provided 
prc<.:!  -f  th<-  (.r<.-s<-:ic<!  ol  a  thU;k  aeries  of  permafrost  in  Siberia, 
3:rM_   ;:;icri[ist5,  (-jrt  icu  i.ir  ly  K .  i: .  von  Baei,  cnst  douiit  on 
Mlddendcrt'3  temperature  diita  bi'c.iii-ji^  his  mi;flsur«raent3  were 
performed  seven  years  after  the  Tiinc  was  'iunk.    !'ot  ci  kmq 
time  many  people  displayed  a  keen  Interest  In  checking  the 
te.iiperaturu  observations.   Fro.Ti  1934  to  1941,  almost 
100  y^f.ir:;  after  Mlddendorf,  such  observations  were  mode.  As 
a  rt'suU  y.  the  geolhermal  investigations  It  was  established 
that,  t-:  o  depth  of  60  m,  the  tamperature  In  the  mine  appeared 
highei  than  r>!rni:i,,,i  hy  Middandorf:  a  Mtlla  daapwt  toapaia- 

turo  .jg.iin  di!Cie,ia<:d  <i  bit. 

To  vrrify  thr  y*.'nthcrm<!il  Investigations,  a  well  of  12C  m 
deep  was  drilled  at  a  distance  of  30  m  from  the  mine  in  I'JSfi. 
The  tecr.r«-'rj;ure  datj  Dbtjin'-d  with  the  did  ol  thi;  well  i-on- 
flrmed  the  latter  investlgatlori .    In  the  Shcrrjin  mine,  v.'lntcr 
air  convection  ccoled  the  rock  surrounding  the  m.lne  to  .a  depth 
of  6'j  m.   Changes  In  rock  teinperalure  were  not  observed  at 
greater  r:i:;jths .  The  higher  temperatures  four.d  by  Mlddendorf 
below  60  m  were  not  the  natural  temperatures  of  that  period, 
but  resulted  from  heating  in  the  course  of  alnking  the  well. 
The  period  of  time  from  sinking  the  well  to  the  temperature 
measurements  carried  out  by  Mlddendorf  appeared  Insufficient 
to  restore  the  temperature  field  of  the  rock  surrounding  the 
mine  at  these  depths.  Restoration  of  the  disturbed  temperature 
of  the  permafrost  at  depths  over  60  m  took  place  because  of  a 
haat  fk>w  bom  the  surrounding  frozen  iDaat.  Thia  process 
proceeds  very  slowly  and  may  last  for  scoiaa  of  years— and 
oven  more. 

The  data  Indicate  that  the  restoration  process  of  the  dla- 
Iwfaad  tamperatures  of  rocks  continues  !or  a  long  time, 
aapaclally  In  tha  lowiar  part  of  the  permafrost  formation. 

Ttodataratlna  the  tanparature  dynamics  of  permafrost,  it  is 
naoaaianr  to  cairy  out  praclae  long  term  observattoas  In  tha 
pacaiaftoat  aiaaa  and  100  n  daepeir.  Resutes  of  them  obaarva- 
tiena  will  panalt  avaluatlon  of  tha  Infhianoa  of  ibort  tann  and 
loag  tatm  eUmatlc  fhietuatlona  on  tha  took  taaiparatwa. 

F.  I.  aANQXIt— Mora  ap»llad  raaaordh  la  ractuired  before  we 
oaa  diapanaa  wltfa  alnpla  davalopnanis,  such  as  tha  awdtfiad 
Barniaa  aquatkn,  of  tha  Naunann  theory.  Scott's  work,  a 
oelantlf  lo  approadi  to  tha  ynblan  of  boat  axcfaang*  at  dia 


ground  surface.  Is  noteworthy  In  this  respect,  but  he  la  hand^ 
capped  by  a  lack  ol  the  right  kind  of  data;  too  many  observa- 
tions and  too  few  isnalyses  exist  at  present.   Nor  are  very 
precise  observations,  token  lor  short  ^'eriods  on  fine  days,  of 
much  help  In  predlcti.-ig  effects  over  many  months.    It  seem* 
correct  to  say  that  at  present,  computations  making  use  of 
many  parameters  do  not  provide  much  greater  accuracy  than  do 
the  methods  based  on  on<-  or  two  prtrameii^rs.   The  value  of  dN 
degree -day  methods  Is  that  they  give  useful  results  with 
minimum  site  data— which  ta  Mnfortnnataly  all  that  ooo  ttiually 
has  to  work  with . 

The  modlllud  Beiggren  eqjatton  Is  very  useful  If  a  plane 
problem  can  solely  be  aasumed.   Its  value  for  comfjutatlcns 
other  than  In  ground  surface  problems  has  been  well  proven  — 
e.g.,  In  the  buildings  discussed  by  Lobacz  and  Qulnn.  For 
the  time  belr,g  Sai-.ger's  l  uives  are  uselul  r.rid  must  suffice 
until  the  inoro  pnrclae  n.ethods  be.nq  developed  by  Scott  can 
Ix.'  Uj<'d  in  engineering  prar:;ire.    ;t  is  jnlortunate  that  tfie 
conference  has  r.ot  eUcited  more  pap-ers  on  the  heat  exchange 
at  the  air -ground  Interface. 

The  discontinuity  Introduced  by  latent  heat  forces  one  Into 
approximate  techniques  th.i;  give  gond  pr.ifnlcal  .solutions  if 
care,  experience,  and  Judgment  are  used  ;n  ihelt  applU  atiiin  . 
Thus  If  a  soil  has  a  very  low  water  cont'.^nt,  latent  heat  tr.ay  be 
neglected.   If  the  water  content  is  high,  heat  capacity  may  be 
ignored,  especially  If  temperature  changes  are  small.  Good 
solutions  are  obtainable  by  using  latent  heat  and  adding  a 
little  for  heat  capacity  that  Is  based  on  the  temperature  range . 
A  useful  method  Is  to  take  the  total  change  in  energy  between 
two  working  temperatures  on  either  side  of  the  freezing  point 
end  divide  by  the  temperature  change  lor  an  equivalent  heat 
capacity.   Standard  solutions  then  become  possible,  or 
numerical  and  computer  techniques  with  finite  difference 
aquations  can  ba  used . 

Ulhyaaov's  work  in  hydraulic  analog  computers  Is  well 
known,  tt  la  doubtful  if  such  computers  are  preferable  to  tha 
electronic  analog  and  digital  computers  however,  mainly 
because  of  a  lack  of  flexibility  in  tube  sizes,  hydraulic  diffi- 
culties at  valves  and  fittings,  and  size  a.nd  complexity  of  the 
set-up  for  any  but  the  simplest  problems.  The  theory  is  bIiB'- 
ple,  and  the  writer  admits  a  weakness  In  Uklng  to  sae  tanpar- 
ature changes  as  thoy  oci:u:  and  in  discounting  tha  lower 
•paad  as  compared  with  the  other  eompuiera.  Uowever.  it 
■aama  probable  that  electronic  analoga  and  dlettal  eoaipaiara 
win  luparaada  tha  byikauUc  analog  coavuiar,  oxoapt  pafhapa 
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(or  •ducatlonal  purpoMa.  lb*  Uikywwv  computar  has  a 
ramarkably  fliw  noard  of  aarvloe  la  tha  daalgn  of  diftlault 
atnictma. 

Tha  other  contribution  (rom  the  USSR,  by  Porkhayav,  deals 
with  a  very  dtflioull  ipcoblaai.  bailc  In  foundation  anglnaerlng, 
aapacially  if  tha  daalgn  aaauoiaa  tiomid  thawing  ailat  oon- 
atruction.  Thia  la  an  active  topic  hi  tha  Soviat  Union  at 
preaent.  The  dUfleuUy  10  an  InaxparJanced  anginaar  ia  In  ifaa 
aqutvalant  dllfualvlty  eooeapt;  dittiaivlty  variaa  from  point  to 
pohit  atnea  U  dapanda  upoa  taaiMratMi*.  Thia  BMana  that  an 
astlBWlad  ooaplata  aoluUon  la  n^uliad  to  atari  with:  than  It 
can  ba  aodlfiad  until  liia  pradaa  naub  ta  obtalnad— 'Hblcb 
BMy  ha  n  laat^  rnxsaaa.  lha  writer  haa  tiaad  thto  lodtn^iia 
In  ooaipaiattMly  aliapla  proMama  but  haa  haan  Mhietaat  to 
apply  It  ID  dlfflouU  omaa,  nalnly  baoausa  lha  labor  la  net 
ooanMnauraia  wldi  dia  dagrea  of  preelaten  of  solla  data  and 


tba  desired  raaulta .  Howovar,  wa  are  not  ao  interested  In 
Ibaiw  oonaeUdatlon  under  an  exlatlng  aitueture  as  Russian 
anqinaars  are,  and  tha  mora  rigorous  traatntent  may  be  justi- 
fied. Porkfaayev's  contriiMittons  In  this  field  have  been  vary 
significant  and  a  paper  from  hln  la  vary  walooaia.  based  aa 
it  ii  on  oiany  yaara  of  working  on  a  good  leaai  at  the  Obrachav 
laatltute. 

Skaven-Haug  has  published  several  valiiabla  papers  on  the 
use  of  ooatpreaaad  peat  blooka.  Peibapa  hia  paper  will  arouse 
noia  hitarest.  Certainly  the  Mchnlque  AoiM  be  tried  (or 
roads  where  aeaw  roughnaaa  aeeaia  inavltablek  but  acxaptabla: 
Ifae  apiillcotlan  to  alrflalda  la  leaa  pRMalalag.  CMIEt  will 
soon  be  testing  the  concept  for  roada  In  Alaska:  the  eondt- 
tlcns  are  net  likely  to  produce  aiarlllng  results .  but  the 
eliaeta  of  the  eeiapresaed  peal  blocks  m  the  base  should  be 
levealad. 
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SESSION  VI 

PHYSICO-MECHANICAL  PROPERTIES 
OF  FROZEN  GROUND 


LABORATORY  DETERMINATION  OF  THE  DYNAMIC  MODULI 
OF  FROZEN    SOILS  AND  OF  ICE 

C.  W.  XHPUR.  TJ.8.  Anay  Cold  ItoQtoni  RtMveb  and  tngia—rliiB  Ubowtoir 


Elauie  conttMtt  o(  ftoten  Mils  and  of  tea  wm  datemlned  ai 
part  of  ttaa  attidlaa  of  atrangth  propartlas  of  toian  lollt  C 1] . 
Iba  alaatte  fvopattiaa  of  firasan  aolla  hava  not  btun  oxten- 
alvaly  atudlad.  H0«««var.  Mvaral  Invastlgalars  [2  to  9]  hava 

measured  the  elastic  properties  of  tee.  In  this  study,  tests 
were  conducted  in  both  media  to  obtain  needed  data  and  to 
facilitate  comparison  batween  the  two.  Dynamic  siathods  were 
used  In  nondsstractiva  tests.  Clectromagnstio  vibrations  were 
ittduoad  In  beams  of  frozen  soil  and  ice .  Dynamic  rathar  tHaa 
static  maUiods  are  more  suitablo  for  dotormlnlng  elastic 
properties  [2,  3,  10] . 

The  static  method  usually  Involves  SMasureoients  In  tha 
plastic,  radier  than  the  elastic,  ranga  of  daformatlon.  Elastic 
deformation  takes  place  over  such  a  small  range  of  load  and 
deformations  that  extremely  smalt  stresses  must  be  used. 
Deformations  within  the  elastic  ranqe  are  so  small  that  their 

m>M3ur<Mu-.nt  IS  difficult  aod  aubjaet  lo  eooaldarabla  anw. 

[11-  u]. 

The  dynamic  method  Is  -'.r.  IrrJiriM-!  procudurc  rvlnting  sonic 
resonant  frequencies  to  tho  cljstic  projjortius  o!  tho  material. 
By  Its  use,  the  larqe  aborr.^tior^s  'raused  by  plastic  doiormation 
can  t-e  avoided.    In  the  field.  ve;ocilles  oi  elastic  waves  pro- 
duce  J  t\  Lu.-.f'd  explosive  cnarqes  can  be  measured  directly. 
In  Uie  itiU.ititcuy,  lnnguudi:.al  and  transverse  wave  velocities 
can  be  computed  iron  lh<-  r<:sonant  (roqtianolaa  IndllOad  ia 
small  beams  of  frozen  soil  and  ice. 

It  is  hoped  that  tho  results  of  t..'^s.:'  sMlles  will  bo  useful 
in  seismic  applications  In  permafrobt  legions  for  possible 
Identification  :>(  frt.i/.<!n  .s.i£is'.jrfaci-'  strat.i  And  In  the  design  Of 
foundations      cii!ir-,il  sl.-jr:t„r»s  sub;ecied  So  vibrating  or 
o3clll.3tlng  leads.    Data  from  these  tests  fiave  baon  tioatul  In 
the  design  of  radar  foundations  In  permafrost. 


HrVESTKSATiOMS  PIRFOftMSO 
Malarlala  Paad  In  Ifae  Invgsttaatlon 

TaMa  I  Uata  tba  naterlala  iawaatlgatad,  tha  nuntor  of  apael 
nana  of  aack  natarlal  taatad,  and  tha  oriantatjan  of  dia  baans 
durlnfl  vattleal  fcawlao*  Ua . ,  whathar  In  iiorlaontal  or 
wartteal  poattloa. 

A  flonplaia  auauaary  of  ioU  eharaeiarlatlca  and  otbar  data 
Is  shown  in  PI9.  1. 

Test  Equipment 

Pyr.ainlc  .Tjodulus  test  .jp'paratus  — The  eleclrom.sgr.etlc:  vlbr.i- 
tor  used  l.-.  this  investigation  Is  shown  In  Fig.  2.   Tha  vibrator 
was  designed  and  constructed  by  Francis  Birch  of  H.irvard 
University.    Bertrr.a  appiroxlmately  1-1/2  by  l-i/2  by  11  in. 
wore  used  in  the  Investigation.   I'ermanent  oar  magnets, 
3/16  by  3/16  by  2  in,,  were  irD^en  flush  Into  horizontal 
grooves  prepared  In  each  end      the  iruzen  specimen  beams 
with  the  ends  of  the  magnets  protruding  1/4  In.  on  e.ich  side 
(fig.  3).  Vibration  of  the  specimens  was  initiated  by  a  pair 
of  alaetromagnAt»  mounted  in  series  at  one  end  of  the  vibrator. 
Tha  alactromag:.<-!5  were  held  in  adjustable  supports  and  could 
ha  lotaiad  90  deg  .  A  switching  arrangement  was  provided  to 
anabla  oonaspondlng  polos  of  the  two  electromagnets  to  be  of 
oaaw  or  opposite  polarity.  Ilia  anangamant  of  tba  daiaoior 


on  tha  othar  and  of  tha  apaelnaa  %wa  tha 


as  on 


labia  I.  hiatarlala  laaiad 


Material 

Symbol 

boruor 

Paafaody  yravaUy  aand 

«P 

2 

(minus  3/4  in,  maah) 

UoMamsn  oonorala  aand 

8K 

1 

East  Boston  tUl* 

SEBT 

0 

Now  KaapaMra  sill 

SNHS 

I 

Fairbanks  silt 

BPS 

0 

Yukon  silt 

MS 

0 

Boston  blua  clay 

SBC 

6 

(undisturbed) 

Fargo  clay  (undlsturbatf) 

8Prc 

s 

Alaskan  peat  (undlaiuriMd} 

SAP 

1 

Ice ,  artificially  Ctotain 

SI 

6 

Ice,  n.jlural'' 

«-(« 

1 

Number  of  specimens  tested 
Frozen  Frozen 

f  vertically 
0 


i'our  specimens  oonslstad  of  material  passing  No.  4  mesh 
sieve,  and  am*  apaclmsn  of  loatarlal  paaalng  tba  3/4  tn. 

^sleve 

Specimen  obtained  from  large  beam  cut  out  from  natural  laka 
Ice  at  Portage  Lake,  Me.,  In  March,  19S3 


FreeziriQ  trays— Twc^  sp<!ci.-^lly  made  wooden  molding  trays, 
which  could  be  ea.sUy  dismantled,  were  used  in  the  prepara- 
tion of  the  soil  beams.    One  ol  the  trays  contained  six 
horizont.il  eiimpartnents  for  the  preparation  of  horizontally 
frozen  beam  specimens  (I.e.,  frozen  in  a  horizontal  positlan)< 
The  spccinons  molded  m  this  tray  are  Identified  by  the 
prefix  HB  (horizontal  tHsam)  .   The  other  tray  contained  25  ver- 
tical compartments  for  the  preparation  of  beams  to  be  frozen 
In  a  vortical  position.   The  samples  rr.oided  in  thIS  tny  aiO 
Identified  oy  the  prefix  VB  (vertical  beam)  . 

PREPARATION  AND  FRTEZING  OF  SPECIMENS 

Except  for  the  undisturbed  soils,  such  as  Fargo  clay.  Boston 
blue  clay,  and  Alaskan  peat,  test  materials  we:-'  i  i j.j_-d  at 
optimum  water  content  to  densities  approximately         of  the 
maximjm  determined  by  either  tho  Providence  Vibrated  Density 
Test  or  the  Modified  AASHO  Test  (Fig.  I),  whichever  was 
applicable.    The  Providence  Vibrated  Density  Test  method  Waa 
used  only  on  coheslonless  soils  such  as  Peabody  gravelly 
sand  and  McNamara  concrete  sand.   The  clay  and  peat  test 
specimens  were  trimmed  from  larger  undisturbed  chunk  samples 
al  t.'ielr  naiurai  densities.   Only  horizontal  beams  were  cut 
from  undisturbed  chunk  samples  which  were  oriented  In  the 
samo  position  as  In  the  field.  Except  for  one  specimen  of 
Alaskan  peat,  no  vertical  beams  were  cut,  because  of  diffi- 
culties In  manipulating  such  slender  specimens. 

The  inside  walls  of  the  wooden  molds  were  lubricated  with 
petrolatum  and  lined  with  transparent  cellulose  acetate, 
0.M7  tn.  thlolc.  Iba  pairolatua  and  aoaiata  lainimisad  side 
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GRAIN  SIZE  DISTRIBUTION 


SUMMARY  OF  SOIL  TEST  DATA 
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(1)  iMIflai  «MM  Owi»1iy  ClSln  flW-fWli       (U  ttaaiar^  »r«star  llHialty  {*$1M  Tth$ni 

n«.  1.  SuBitey  of  Mil  cMrtMMtttlot 


frIqtlaB  of  Ctoit-hMVUif  apMlnens  during  fcaeslng  and  lacill- 
tttMt      mnoval  of  fresm  tpeeliDens  from  the  iiolda. 

lb*  MfrndUuutM,  In  Orayt,  viere  placed  in  freezing  cabimtaj 
dB'Cirail  undhkr  vacuum,  and  asturatod.  A  de -aired  water 
■uppty  Maa  ^awldad  to  tha  bottom  of  tb*  trays,  wlib  water 
laval  malntaJnad  at  ttia  laval  of  tiw  lopa  of  (ha  apaeUnans 
during  ftMilng.  tba  apnea  bacwaan  ttw  tfay  and  tha  walU  o< 
«w  eaMnata  «ns  Inaulatad  with  «ranulaiad  eerk«  teavlog  only 
tha  top  of  tha  tray  axposad  to  i^lnat  air  taMpaca—a. 

Sfiaebnana  «m»  froian  unMlraetieNallyf  Uom  (op  to  bottooii 
wMi  Hh  bottom  of  tha  traya  anposad  lo  a  tamparanina  «< 
apprndmata^  38*r.  Tha  oaMnat  air  lampanlwa  was  raaoeed 
dally  by  aueeaaatwaly  laivar  davamanta,  aa  aaoaaaary.  to 


fraaxa  tha  apaciaMns  uniformly  at  a  lata  langbiQ  from  approx- 
baataly  1/2  to  3/4  in .  per  day,  aa  fipaquaatly  obaerved  In 
nativa.  Aftar  6«ealng,  the  specimana  wara  ramovad  and  cai*'- 
tiilly  trlnmod  to  uniform  dimensions,  neaswad,  mlghadt  and 
tamparad  (or  a  parlod  of  at  teaat  16  houra  at  aach  Mat  lampac- 
atiira  bafOca  aonlo  laaitng . 

lha  iea-lanaaa  mblcb  foramd  la  tha  froat-auaeaptlbia  aolla 
In  horlnontally  Itaaon  baaaa  «mra  parallal  to  tha  longltudtoal 
axla  of  ttia  baam,  adiila  Dta  toa-lanaaa  In  tha  aolla  Asian 
waMeally  wata  parpandloHlar  to  tha  iengttiidtnal  axla.  nmo- 
«ra(iia  of  typloal  apaelmaaa  Uroaan  homentally  and  v«rtleBtly« 
ahevrtno  tha  orlanMUaa  of  tha  Ica-lanaaa.  ara  shown  In 
Piga.  4  and  5,  laapaotlvnly. 
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TEST  PROCEDURE 

The  specimens,  with  bar  magnets  embedded  horizontally 
across  each  end,  were  supported  on  their  sides  In  a  horizon- 
tal position  In  the  apparatus  between  pairs  of  posts  with  blunt 
cono-shaped  prongs.  For  longitudinal  and  torsional  vibrations, 
the  beam  was  supported  midway  between  the  ends.   Tor  flexu- 
ral  vibrations,  the  beam  was  supported  at  the  "quarter"  nodes, 
a  distance  from  each  end  equal  at  0.224  times  the  length  of 
the  specimen. 

The  two  driving  electromagnets  were  adjusted  so  that  each 
projecting  end  o(  the  bar  magnet  In  the  test  beam  lay  between 
the  poles  of  the  magnets. 

Since  the  poles  of  the  electromagnets  change  polarity  with 
the  frequency  of  the  alternating  current  In  the  colls,  they 
alternately  attract  and  repel  the  permanent  bar  magnet,  causing 
the  specimens  to  vibrate .  The  position  of  the  two  driving 
electromagnets,  the  direction  of  the  current  In  their  respective 
colls,  and  the  position  of  the  specimen  supports,  determine 
the  type  of  vibration  that  results. 

For  flexural  and  torsional  vibrations,  the  electromagnets 
were  set  so  that  their  poles  were  In  the  same  vertical  plane  as 
the  bar  magnets  on  the  specimen  (rig.  2) .  To  produce  flexural 
vibrations,  the  alternating  current  was  made  to  pass  through 
the  colls  to  produce  a  polarity  of  opposite  sign  In  the  corre- 
sponding poles  of  the  two  electromagnets.  The  resulting 
simultaneous  attraction  and  repulsion  of  the  bar  magnet  In  a 
vertical  direction  caused  the  beam  to  vibrato  In  floxuro.  To 
Incite  torsional  vibrations,  the  beam  was  supported  firmly  at 
Its  midpoint  and  current  passed  through  the  driving  magnets  to 
simultaneously  Induce  the  same  polarity  In  corresponding 
poles.  This  caused  the  specimen  to  vibrate  In  torsion  about 
Its  longitudinal  axis.  Longitudinal  vibrations  were  produced 
with  the  poles  of  the  electromagnets  placed  In  a  horizontal 


plane,  with  corresponding  poles  having  opposite  polarity, 
the  specimen  being  supported  at  the  midpoint.  The  effect  was 
alternately  to  push  and  pull  on  the  bar  magnet  In  a  horizontal 
plane,  parallel  to  the  longitudinal  axis  of  the  specimen. 

The  permanent  bar  magnet  at  the  opposite  end  of  the  beam 
responded  at  the  same  frequency,  and  the  fluctuations  of  the 
magnetic  field  Induced  an  electromotive  force  of  varying 
Intensity  In  the  receiving  or  detecting  colls.  In  theory,  the 
peak  voltage  Is  Induced  when  the  specimen  Is  vibrating  at 
Its  natural  frequency,  and  the  amplitude  of  the  vibrations  Is 
then  at  a  maximum.  The  resonant  frequency  was  detected  with 
a  vacuum  tube  voltmeter  or  a  cathode  ray  oscilloscope  (or 
both)  connected  to  the  detecting  coils,  and  road  from  the  dial 
markings  of  the  calibrated  oscillator. 

The  following  equations  1 13]  were  used  in  the  computa- 
tions: 


riexural  Vibrations 
,2 


;w(f^' 


(1) 


(A  value  of  1/3  was  assumed  for  Polsson's  ratio  when  finding 
C  from  curves  given  [  13] .  The  value  of  ii  is  not  critical,  and 
the  assumption  Is  reasonable). 


Longitudinal  Vibrations 

V,  =  2f,Land  I,  -  ^^^l.>'     .  tO!}^ 
L        L  L         g  g 

Torsional  Vibrations 

V,  =  2f  L  and  G  -  -  ^^^'"^"Z 

t       t  9  g 

(R  is  1.83  for  a  square  prism  [13].) 


Fig.  2.  Electromagnetic  three -mode  beam  vUsrator 


TEST  RESULTS  AND  DISCUSSION 


Fig.  3.  Specimen  of  frozen  sand 
showing  pennanent  bar  magnet 


Fig.  4.  Typical  beam  of  undlsCurbed  Boston  blue  clay  frozen 
In  horizontal  position.  Ice-lenses  oriented  horizontally, 
parallel  to  longitudinal  axis  of  beam.  Note  magnets  In  ends 
of  specimen 


All 


Fig.  S.  Typical  beam  of  undisturbed  Boston  blue  clay  frozen 
In  vertical  position.  Ice-lenses  oriented  perpendicular  to 
longitudinal  axis.  Top  of  specimen  at  loft 

Corrections  to  Observed  Frequencies  for  Mass  of  MaqnetsTMl 

Flexural  vibrations:         f^  =  ^'f  ('  *  ^) 

Longitudinal  vibrations:  fj^  =  ''^(l  ♦  ^  ) 

Torsional  vibrations:       f^  =  f'^(^  (4) 

Polsson's  Ratio 

Poisson's  ratio  I*  computed  from  C  and  G  using  the  relation: 

M  ■  i  -  > 

It  should  be  remembered  that  these  formulas  are  strictly 
applicable  only  to  an  Isotropic  homogeneous  solid  obeying 
Hooke't  Law. 
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The  Individual  test  results  from  13  specimens  of  3  typical 
soils  and  U  Ice  specimens  are  presented  In  Figs.  6  to  9. 
Sp«ce  limitations  do  not  permit  presentation  of  Individual  test 
results  of  all  specimens  of  the  different  soils  used  In  this 
investigation.   (A  more  complete  and  detailed  report  Is  under 
preparation  for  publication  as  U.S.  Army  CRREL  Research 
Report  163.)  However,  all  test  results  on  all  soils  and  ico 
are  summarized  In  Fig.  10.   In  Figs.  6  and  7,  a  single  average 
solid  line  ha*  beon  drawn  through  points  representing  values 
obtained  from  dllatatlonal  (longitudinal)  vibrations  for  all 
specimens  of  a  given  soil.  A  similar,  but  dashed  line,  has 
boon  drawn  through  points  obtained  from  flexural  vibrations. 
The  test  temperatures  ranged  from  approximately  32°F  to 
below  -lO'r. 

Theoretically,  for  an  elastic  Isotropic  homogeneous  solid, 
the  dynamic  moduli  of  elasticity  derived  from  flexural  and 
longitudinal  vibrations  should  be  the  same.  In  all  present 
tests,  the  numerical  values  of  E  obtained  from  flexural  vibra- 
tions were  slightly  lower  than  those  obtained  from  longitudinal 
vibrations.  This  Is  not  surprising,  since  a  frozen  soil  con- 
taining irregularly  stratified  Ice-lenses,  cannot  truly  be 
considered  an  Isotropic  homogeneous  material.  Only  an 
Isotropic  material,  one  In  which  every  plane  Is  symmetrical, 
can  be  characterized  by  only  two  elastic  constants  such  as 
Young's  modulus  and  Polsson's  ratio  [IS].  Flexural  and 
longitudinal  vibration  tests  performed  with  the  same  equipment 
on  prismatic  and  cylindrical  bars  of  aluminum  gave  compatible 
results,  generally  within  2%  of  each  other. 

In  Figs.  6c  and  7c,  curves  of  dynamic  Polsson's  ratio 
versus  temperature  are  presented — calculated  using  the  rela- 
tionship ft  =  (Ej^/2G)  -  1.  Average  values  of  dynamic  E  and 
G  obtained  from  curves  In  Figs.  6a,  6b,  and  7a,  7b,  were 
used  In  the  formula.  Only  E  from  longitudinal  vibrations  was 
used,  since  E  from  flexural  vibrations  was  considered  less 
reliable . 

The  plotted  data  and  suounary  curves  In  Fig.  10  show  that 
dynamic  moduli  and  elastic  wave  velocities  in  frozen  soils  an 
temperature  dependent— more  so  at  temjjoraturos  above  20° F 
and  less  so  at  colder  temperatures.  The  propagation  veloc- 
ities in  the  silts  and  clay  appear  particularly  sensitive  to 
temperature  changes  from  32°  to  20°F.  Below  about  20T,  the 
velocities  Increase  linearly  and  are  less  dependent  on  temper- 
ature. This  behavior  is  believed  due  to  the  varying  percent- 
ages oi  unfrozen  water  still  present  In  the  soil  at  temperatures 
below  froozlng  Cl6j. 

A  comparison  of  laboratory-determined  wove  velocities, 
both  dllatatlonal  and  torsional,  with  those  obtained  In  perma- 
frost by  seismic  methods  show  good  agreement  for  comparable 
soli  types  [17,  IBj.  The  same  holds  true  for  Ico  [3,  19]. 

In  sharp  contrast  to  the  strong  temperature  dependence  of 
elastic  rropertles  of  frozen  soil,  the  elastic  properties  of  ice, 
whether  laboratory-frozen  or  natural,  are  little  affected  by 
temperature.  The  elastic  wave  velocities  and  elastic  moduli, 
as  shown  in  Figs.  8  and  9,  are  only  slightly  higher  at  -lO'F 
than  they  are  at  30*F. 

Also,  the  dynamic  Young's  moduli  E,  as  derived  from 
flexural  and  longitudinal  vibrations,  differ  only  slightly. 
Indicating  that  Ice  more  closely  satisfies  the  assumption  of 
Isotroplsm  and  homogeneity  than  frozen  soils.  This  Is  further 
Indicated  by  the  greater  consistency  of  the  tost  data  obtained. 

For  the  soils  tested,  the  individual  values  of  dynamic 
Polsson's  ratio,  using  Young's  modulus  E  determined  from 
longitudinal  vibrations,  show  a  wide  scattering,  ranging 
roughly  from  0.22  to  O.SS  at  the  higher  temperatures  and  from 
approximately  0.21  to  0.4S  at  -lO'F.   Most  values  fall 
between  0.25  to  0.38.  The  silts  and  clays  show  greater 
divergence  ol  values  than  the  soils  composed  of  coarser- 
grained  particles,  such  as  the  gravelly  sand  and  the  glacial 
till. 

The  values  of  Polsson's  ratio  for  ico,  although  covering  a 
relatively  wide  range,  show  the  least  scattering  of  all  the 
materials  tested.  This  wide  variation  of  ft  for  different  specl- 


naterial 


mens  of  a  (jiven  soil  at  a  qIvi.t.  :cmpcrjture  jnd  mcdo  of  vibra- 
tion reflocta  the  sensitive  depender.ce  of  PclssDn's  ratio  upon 
the  values  of  tne  moduius  of  elasticity  and  rigidity  In  the 
foriULiU  ^  =  t/2G  -  ;  .   A  very  smiill  char.ge  m  E  or  G  is 
.3m;'lifl<!d  gru.itly  ;ri  the  vrtkii;s  of  ;i  .    T-.a  exiiniple,  assuming 
G/'L  -  O.tC  (d  good  approxlmrttlnn  in  xcst  r-riacs):   !f  thft 
error  In  E  and  G  :s  only  5%  (this  Is  rr.oro  th.jn  a  roasonnMo 
eatlmala  baaed  upon  the  scatter  oi  points  on  the  moduli  plots), 
1  enw  In  |i  ia  about  $0K.  ta  raaMct  Iba 


maximum  error  tr.  y  to  Z(l%  ,  E  and  G  must  each  bo  dotormlned 
to  an  accuracy  of  about  'iSi.  which  is  very  difficult  to 
achieve.   In  these  siudlea,  in  view  cf  the  many  areas  of 
m«ssurem<>nl  <!nrt  slr.cif  K  nr  G  iire  slso  pcopottlona]  to  the 
fri'qunncy  jnd  lor.ijlh  st(U.5rud,  it  15  mr,st  pfXibable  that  the 
maximum  error  ir.  any  one  doicrmlnation  of  E  and  G  ts  unlikely 
to  bo  less  than  i%  .    For  this  reason,  any  value  of  Polsson's 
ratio  computed  from  an  Individual  test  cannot  be  considered 
nllabla.  PurthmMra,  tha  fonMiIaa  aad  a«wtloiu  uaad  liata 
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ir>  .i^plicibW  only  10  hoKOflaiweui,  laetroj>ic,  dnd*latlie 

.Ti.jtfrials  . 

TaKcr.  as  j  whole,  the  values  ot  dynamic  Polssor.'s  ratio 
icjIcateQ  by  tho  summary  curves  in  Fig.  101,  which  are  based 
Oil  ihe  ."iverage  valueji  o(  tlit-  nodulus  of  el.isticlty  cerlvot: 
Iri'Hj  ii:nqr.uiiin.i  1  v  ibr  .it   :n (tJie  averrttj-.'  -L.rviM;  Iti  Tig,  1  v^b) , 
.iiul  thf  v.ilui'  ;  :  !  ;hc  ni  .:ijlus  at  ricjidlty  (thf  .ivi-r.iyi'  cutvi-s 
In  rig.  10c),  oi^cuor  lo  i>«  ot  the  right  magnitude.  Cxcept  lor 
Peabody  qrsvelly  und  and  the  ice  speeimeM,  Polsson't  ratio 


for  pra<rt:caiiy  M  of  the  rBDainlng  Milt  varltB  With  tMBpen* 

turc  in  different  ways. 

Froin  the  curves  showr.  In  Fig.  lOi,  It  is  imposjiLl^'  tn 
^--Xfiress  the  re iiit ir-j.-,shlp  of  Polsson's  ratio  to  temperature  in 
yenordl  terms  opjiUt-rtble  lo  Irozeri  soils  as  a  whole.   Some  of 
tJie  curves  are  concave  in  shap*.'."  otr.rr^  ;ire  :;or.vex,  for  sc.ine 
soils,  Pcisson's  ratio  increased  with  teir.ji'erature;  for  others. 
It  decrease*.  The  Urgest  vartattons  with  temperature  occur 
at  hlQbar  lonparaturaa,  i.o..  abewo  20*r.  WhwMS  soow 
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Figs .  8  and  9.  Dynamic  elastic  propertlea  of  naUiraUy  (roMn  and  laboratory  frosan  loe  versus  tanparatui* 
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ralttlonsblp  iMtwawt  tlM  •lutie  pnpwtles  and  liw  typ*  oi         ratio  tat  Bosioif  blue  otoy  {StO  and  Fargo  clay  (BITQ  an 
•oU  ts  apparent  In  all  o(  tha  enhar  gnpha  shomi  In  Fig.  10,       dlworgant  at  taaparaturaa  abewa  10*r<  tout  die  vahiai  naarly 
no  auob  ralatlonablp  la  avidaat  for  |i.  For  axaavloc  Polaaon'a    eolaeida  batwaan  6*  and  -ldl*P.  lha  vakat  for  two  of  tka 
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■IIU,  Falctamks  allt  and  Yukon  tUl<  diverge  at  MmperaturM 
below  llfT,  but  are  reasonably  close  ebeve  that  tanperature. 

Values  of  Poisson's  ratio  delenilned  by  Tsytovlcfa  and 
Svai«ln  [7]  on  acveral  artUteially  ftoseR  soils  usbm  a  method 
of  torsion  tests  ranged  from  0.2  lo  O.S. 

The  value  of  Potsson's  ratio  fcr  loe  was  determined  by 
tvung,  Crary,  and  Thome  [3j  to  be  0.36Si0.007  by  use  of 
dynamic  methods  Oor.giiudlnal  vibrations);  the  average  curves 
otPoiSEon's  rjily  for  Ici-  pre»en«ed  In  figs.  8c  and  9c  show 
approximately  the  sjme  volui-.  Tho  Individual  values,  how- 
ever, ranged  from  0.^6  to  0.47  In  a  4€°r  ronijc,  with  the 
greatest  differences  occurring  between  sprcimons  frozen  verti- 
cally. Natural  lake  ice  ranged  In  ft  irom  0.3i  xo  0.36.  From 
measurements  of  horizontal  wave  velocities  in  □  supposedly 
Isotropic  tee  sheet,  Xohler  [11]  derived  the  value  of  0.30.  It 
is  <t'.'id<fnt  here  that  the  same  limitation  lo  obtaining  a  reliable 
d!i;i  :'.  f.t  .  i  .nible  value  of  Polsson's  ratio  holds  for  loe  as  for 
frozen     ■:  Is  . 

Tne  scopt-  ct  the  se  tests  did  not  jjermit  .s  study  ;■>(  Che 
ftt'fct  of  var.njs  f-actors  such       crystjl  aize,  suui;tur<-,  .iii:l 
j.'icMitritic n  :.ri  tnt-  elastic  properties  o)  Ice.   The  Viirliiticns  in 
v.riK-r  contc-iit  and  density  ir.  tho  frozen  soils  were  incidental, 
ir--,uliing  !:       vriiy.nq  degrees  of  ur.cor.troUcd  Icc  scqrctjotion 
whu'h  :;ri-.ifr<-;l  dui:nq  lree2L;.q.    I'  • -^1:0  ._i.y  ,  ■.h4;'50  jifec-.cd 
the  eljstic  t;«'h.ivnjf  .    WlDi  the  liiniu-a  Cuta  avuiijb.e,  an 
attcnivt  v/as  nade  to  corrol-ite  u-.lt  de:-;.ily  arj:  water  content 
and  the  elastic  pioptTtics,  ojt  r.o  consisle-d  relatlonahi;> 
COu  !:1  be  ?^:und  . 

A  riiudy  o!  graphs  a  tli:':agh  c  in  Fiq.  liJ  indicates  that  tho 
elastic  i,r .  i-iT' leti ,  th<'  dynainir:  moduli  of  eiastlclty  and 
riQiaity,  and  pr-jtanat  l::n  wav<'  v<.do:-:I  lei,  ,ire  prl::clpa;ly 
depe:-.dei-.t  or,  the  ty:ac  cf  3z-:] .    The  ^:oJr^<^^-tI^al:u:d  soils  Show 
higher  '.va.e  velocities  and  greater  moduli  values.  Note  that 
the  I  ia.ys  have  the  lowest  vBhies.  with  ice  somewhat 

InterTii  diate  . 

Tho  ii.TiitLd  data  available  dre  not  sullicient  to  draw  ar.y 
conclasior.s  as  to  what  the  I'ffect  was,  if  any,  of  the  ma.-.-.er 
ir.  which  the  soil  spccireens  were  frozen,  i.e.,  verllcolly  or 
;ioti2o:.i  illy .  <alth'  iuqh  one  might  cxp.ect  that  t.ie  oncr.ljt.on 
ul  ice-.<  .-.■  ■■s  u:  a  bearr.  of  frozen  soil  would  affect  the  over- 
all dyn.nnic  propertn-'i .   Additional  experinentatlon  with  close 
control  of  jijch  iiara:i.e!er-S  .1:1  ^lOil  density  a;id  water  co.",ter,t 
iTi-.ght  shed  n^iore  light  or  the  -•lubjeet.   From  a  practical  vl.-W- 
poir.t,  It  would  be  exiromely  difficult  to  arbitrarily  control  the 
Size  and  spacirvg  oi  ico-lcns«s  In  irost-suscepdblo  soils, 
frozen  at  normal  rales  with  or  Without  available  free  mter. 


SUOGCSTIONS 

Sonic  (dynamlcl  methods  have  been  used  for  many  years  In 
determining  the  quality  of  concrete  In  slabs  and  monolithic 
structures.  Ksalar  and  Higuebl  [20]  claim  to  have  estab- 
lished a  relailonthlp  between  the  dynamic  moduhis  of 
elasticity,  the  damping  capacity  of  concrete,  and  the  oooi- 
prestive  strertgth  of  concrete,  which  enables  predlotien  of  Ae 
strength  of  ooncreie  within  an  error  of  S% .  Stnoe  bosen  soils, 
concrete,  and  loe  are  viaoo-elastic  materials,  tlie  vlseous 
properties  can  be  evaluated  by  recording  the  logarithmic 
decrement,  a  measure  of  the  dainping  capacity. 

Studies  by  Chang  and  Keshfr  [  ^i;  tndic<»(e  that  a  relation- 
ship may  exist  k>etween  the  stotie  (creep)  and  dynamic 
behavior  of  concrete  .  Nakaya  [6]  used  the  dynemie  method  to 
study  the  viscous  properties  of  Ice.  A  promising  field  for  fur- 
ther research  and  study  would  l>e  to  correlate  the  viaco*elaetic 
properiics  uf  frozen  solU  with  dynamic  properties, 

CONCLUSIONS 

ViDratory  r.ondestructivc  techniques  con  ue  uppiied  success- 
fully m  the  lauoratory  to  the  study  of  dynamic  el.^stic 
properties  of  frozen  soils  and  r.(  ice.   The  techr.iq'^i-  opi::-.s  a 
fortile  field  tor  mve  si  mat  ion  of  the  visco -e  last  Ic  propertU-i; 
of  frozen  soil.  The  dynamic  moduli  (£  and  G)  and  wave  trans- 
mission velocities  of  bosen  soils  increased  with  a  decreese  in 
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tetapevBlure:  the  greatest  rate  of  Incraaee  occurred  between 
20*  and  32*r.  At  temperatures  lower  than  Zt^T,  ihe  dynamic 
properties  of  fine-grained  soils  (slits  and  claye)  were  markedly 
mace  temperature -dependent  than  those  of  the  caaraa-«ralaed 
soils,  this  dependence  is  believed  due  Chletty  to  piogtatalve 
fteesino.  with  decreasing  temperature,  of  addlttonal  pan 
water,  bolte  In  the  adsorbed  layer  and  in  the  smaller  poMS, 
and  Is  a  function  of  gram  si/.t! .  The  mineral  eoaipoatttan  of 
soil  grains  and  type  and  quo.niity  oi  ions  present  In  One  poie 
water  may  also  be  significant  contributing  factors .  Alaskan 
peat  (water  content  approximately  300X  by  weight)  and  Ice 
showed  only  a  slight  Increase  ir.  moduli  and  wave  transmission 
velocities  with  decreasing  temperature. 

In  the  ronae  of  temp^^rotures  used  In  these  investigations* 
(a)  The  elastic  moduli  for  the  cuorsur-gralnod  soils  were  mere 
than  four  times  those  for  fine-grained  soils  and  ice.  (b)  The 
wave  velocities  for  coarser -grained  soils  were  more  than  twlc% 
those  for  fln<?-qtalrii  [|  soils  and  ii,e. 

Values  of  Poiss  -n's  rallo  lor  Irn/en  soils  as  computed  from 
averaqc  values  ::  L  (1  ngitudinal  v:;ir  ■ !  i         and  G  gt^nertilly 
rar.ge  between  o.ii  and  0.38.   Wit-.-  tni'j  range,  average 
curves  ol  Polsson's  ratio  versjs  ti  ni'  r  :t-re  showed  a  very 
irregular  pattern  unielated  to  so.l  typ._  ,  a.tnouqh  the  coarser 
soils  gave  n.::ri*  lon^iistent  results. 

The  dynariiic  elastic:  pjap<?rtle.s  uf  ice,  l.-.cludlr.g  wave 
ve  locitie-. .  Well-  rcnsistcnt  wlt.h  findings  of  other  Investiga- 
tors.  Voluea  rf  Pri..;s'.;n's  tstic  tor  A  give.-.  Ice  specimen 
showed  remarkable  eonaisienry  tiitcugnout  the  temperature 
test  range,  although  the  dilterence  uirtween  some  specimens 
was  considerable.    The  average  values  ol  Foissor's  ratio  for 
the  laooratory-frczen  ice  and  natural  lake  ice,  based  on 
results  obtained  using  longitudinal  vibrations,  ranged  from 
11.32  to  Li.-);j,  but  tlie  laaxunam  range  of  i.ndlvidual  values  was 
Ci.iH  10  0.4  7. 

Present  limited  data  are  insufficient  to  driw  any  conclu- 
sions as  to  the  effect,  if  any,  ol  Ihe  m.mnor  in  which  the  soil 
specimens  were  frozen,  i.e.,  m  a  vertical  or  horizontal  posi- 
tion.  However,  valuea  of  Poisscn's  ratio  computed  for 
i.-.dividu.il  ire  beams  frozen  vertically  show  a  much  greater 
deviation  from  the  mi.'an  than  those  from  horizontally-frozen 
beams,  i.-.dicatlng  a  piossible  effect  ol  crystal  size  i-d 
3ti  jcl are . 

All  the  materials  tested  were  anisotropic.  Therefore,  high 
accurai-y  cannot  be  expectod  from  the  use  of  simplified  UMory 

assuming  isotrcpy. 

Velocities  and  clastic  const-jnts  develiuied  by  procedures 
outlined  In  this  report  may  be  useful  in  seismic  explorations 
In  permafrost  and  for  predicting  the  response  of  ftOBan 
foundation  materials  to  dynamic  loading . 
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NOTATIONS 

C    rador  depending  upon  the  shape  and  sis*  of  Die 
specimen,  nuida  of  vibration,  and  Polsson's  ivtlo 

Young's  moduhis  of  elasticity  derived  from  flexural 

vibrations 

E^    Young's  modulus  derived  from  longitudinal  vltaraUons 

G    Modulus  of  rigidity  (elastic  nmdulus  In  Inrslonal 

vibrations) 

fj.  i^,  f     Fundamental  resonant  frequency  corrected  for  mass 
of  magnets 
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<3      Gravitational  acGSjamilOn  (3M  ia./WMp^ 
1      Number  oi  nodes 

k     Ratio  of  radtao  of  gyratkm  of  msigiiot  lo  Uiat  of 
speclamn  (uaed  In  fmqiMncy  oametion  leraiulA  for 
toralonal  vibratlona) 

L     Ungth  of  apMtnm 

M  V/.i'ight  of  mognels 

R  A  geometrical  factor  used  in  torsion  theory 

V  Velocity  of  wave  pcopagation 

w  Unit  weight  of  apeeiiBen 

W  Total  weight  of  apedaen 

fi      Poiason'a  ratio 

Subscrlpis  (,  L.  and  ( reter  lo  flaiaml,  longltucUnal,  and 
toraional  vibratlMia,  reapecttvely. 
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THRMAL  PROPERTIES  OF  ROZEN  GROUND 

M.  S.  KERSTCN.  University  o(  Minnesota 


This  paper  i«i  h.isod  mainly  on  a  study  of  thermal  properties  of 
soils  ma  If'  jt  the  '..  niversity  of  Minnesota  bcr^'ecn  1945  and 
1949  undor  the  sp'insorshlp  of  the  Corps  of  Eryirveers ,  U.S. 
Army.   The  Corps  nt  Crigiri^ers  found,  from  the  study  of  prob- 
lems encounteroi  in  the  i-:eslqn  and  constrjction  of  airfields, 
roads,  buildin'^?.,  ^ind  other  it:  jci^ro \-:,  cold  regions,  that  a 
knowledge  ot  t.'^erm  tl  prop.-ni.-;,  ol  tioils  Wris  highly  desirable. 
At  thrtt  tine  inform,'. lion  w.i:.  I.n  king  on  th«  Ihormo!  conducti- 
vity of  sos;  and  it-,  '.'  -M  iiion  v/i'.h  !:riil  f-o.ndi!ions— porticuidrly 
for  Uoicr.  -.r,.'::..    '.'.v  HinvnrMty  ol  Mmrn'ftota  Study  was 
pnmi'iruy  on  thetm  il  con  luriivny  with  sume  work  on  stX'Cific 
heat  determination. 

Work  on  soil  conductivity  Hj?  hi-t^r-  rnntinumg  rtunnig  the 
p.i'i'  :s  years.    Soil  prol>-t  hjvc  Ijccn  i:ov.;|ijj.'eii  .iml  used  fen 
licid  tests  Ll  .  2,  3J.    A  consldctaclr  jrrr,,iri  ol  th.s  -.vnrk  vz-s 
done  by  those  concerned  '«ith  probletfis  of  hc.T.  Icjs  iron 
undergrourd  po'»vr'r  CAbiAs.    Hov.'ever.  tofI  ol  this  wnrk  ■■'•■^5 
on  unfrozen  soils.    Ve.'-y  little  seen'..-;  lo  h.ive  been  pub.isf-icd 
on  actual  thcrnil  roncuctivity  val.jes  of  frozen  soils  together 
with  descriptive  litj  on  the  soils.    Higashi  L4.  has  reported 
some  laboratory  test  resuUs  on  frozen  soils,  but  the  densities 


were  not  In  the  iiir^qe  ol  the  MinnrsuM  ir^i^.  Lochonbrucn 
reports  the  use  oi  a  rJotxj  for  field  tests,  stjtinq  th-"it  it  Im3 
been  u.sed  "fcr  more  than  4G0  dctcrraintjtl.Tns  iri  suu  of  the 
thermal  ronductlvity  of  frozen  and  th,i.\'';d  .-.o:l  iTi4terlalS 
includir/g  peril,  cltiy.  slit,  sand,  and  yi.3Vel"  i  1  . 

Investigators  have  devised  ejuations.  charts,  or  rotnograms 
to  riid  m  the  seli'ctlon  of  thermal  conductivity  values  LS,  6J. 
Several  o'.  th  ■     .if  reviewed  Cl,  7].  lhay  rafsr  mainly , 
however,  to  unlrozen  soils. 

MINNESOTA  TESTS 

The  purpose  of  the  thermal  conductivity  study  at  the  UnJvei'.ity 
of  Minnesota  was  to  make  tests  on  a  lArge  numbe-r  of  soil 
types  M  •  v-sriety  of  densities  and  moisture  contents  ,^nd  .it  ,i 
TjH'i-j  o:  tt.-nperatures  so  th,il  the  results  could  Ix'  studied  lr> 
show  which  variables  were  :t'if:-r',rMnt .    (The  terrri  "density"  has 
has  the  same  ino,init>g  .i.s  '  Ity  umt  weight":  units  ore  lli  cu(t.) 
Equations  or  charts  to  estimate  the  thermal  conductivity  ol  a 
soil  were  to  t>e  developed  when  information  such  as  textural 
classification,  moisture  content,  and  density  were  known. 
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T-25t3  ■■verc  m.iJe  on       soils  which  rcprcs'"!  ''  :  ii  .virlp 
lextur.il  rar-jp  .  inclu'iint;  yravrl .  5,inr).  sanr:y  lo,im.  silt  loam 
ati-l  ;■.  V.'.  plus,  crushed  rocks  L^r.J  i.Oii'..    Moisture  contents  and 
tlc^:..;lH■^.  :■,'<■:<■  v.ifUfi2  lor  Otii_h  materi:il.  and  tests  wore  mide 
01  txjtrt  .»lxjv<-  iiii.i  U-low  trffZir.g.    Results  of  ulnost  a 
thousonct  individudl  conducuvliy  values  were  determined  lBJ. 


TEST  APPARATVS 

Test  apparatus  Including  ■  tubular  soil  container  was  (iesignad 
for  the  thermal  condiictlvlty  testa.  The  soil  container  (Fig.  U 
consists  of  three  oonceittrlc  sections  of  copper  pipe.  The 
soiellest.  Of  inner  pipe,  is  divided  Into  three  parts,  each 
containing  a  cartridgt-type  electric  heater.  The  two  ouMf 
pipes  lotn  a  cooling  choaibar  ttaoiigh  wMefei  eloofaol,  at  the 
desired  temperature.  Is  circulated,  floll  Is  placed  in  the 
annular  space  between  the  Inner  end  middle  copper  plpe> 
Other  parts  of  the  apparatus  Include  alcohol  tanks  with  heat* 
ing  and  cooling  units  arid  temperature  control,  a  motor- 
generator  Aet  for  supplying  power  to  the  heaters,  and  a 
control  table  where  measurements  were  made  of  temperatures 
on  the  hot  and  cold  sides  of  the  soil  and  the  power  input  to 
the  heaters. 


MATSRtAU  TESTED 

Table  I  lists  the  test  materials  with  somo  of  their  physical 
constants.  They  ore  listed  essentially  in  order  of  texture, 
from  coarse  to  fine;  peat  sou  is  listed  last.  Of  19  tnateriAls. 
rive  were  naturally  occurring  sender  ^ravfi  cori  limrg  ii- 
than  3M  slit  and  clay;  seven  were  crushea  rock  oi  muu'rLi.  -^nJ 
Ottawa  S«nd— Included  to  study  the  effect  of  mineral  composi- 
tion' six  were  nAturally  occuring  soils  coniAir^irtg  30%  or  more 
of  silt  and  clay,  varying  in  texture  Irom  ^.irvjy  lOOIKS  tO  e 
clay,  and  one  was  jn  orgunic  soil,  h  pt-.it. 

In  on  liv/mn  rrsii.t^  th<:  snils  '.vet"  divided  into  two  groups 
by  texti_.rij;    Cc,ir;e  grri-.B-z-  i  jnd  fine  tjriiried-    Tor  ria:Lrolly 
Ocri:rrir.7  ?'7,Js  (rnt  n  "jP'Jf  rjcture'i:  .'n-^IeTi."!ls  such  m  s  cru-shed 
locks).  30.13  P-Sf  ul  ,  P47;'-^  P4i.i.:'4,  P4:.C  5.  Prjk.2.  and  P47U 
were  ee:  iiirTnc!  as  tho  co::if-'  tjraint  d  group  ,ir.a  soil.".  P4713, 
P'ljUi.  r  ;'>ui,  P471U,  :>11J  P47i:fi  w^^re  II.  Ihf  liin'  qr.unod 
group.    Tliu-.  P471I,  :;•.^•.oI.^  .■..•inJy  lo,i-n— .iIk-/ .t  ;wo-thu:l5 
sand— Was  consUvrod  .is  coaisc  grimed  and  P4713,  Ramsey 
sandy  loam— about  half  send— was  considered  as  fine  grolitad. 


TEST  CONDITIONS 

Test  oondltlona  for  each  soil  varied  ■omewhat  aooordlng  to 
tho  soil  eharactarlstics.  but  In  general  the  following  pieea- 
dura  was  used:  Each  soil  was  tasted  at  savaial  dlffaiaiit 
moisture  oomenta;  these  varied  Horn  an  air-diled  aondltlen 
to  noisture  contents  graatar  than  tha  optlMum  sMtaiiN  con- 
tent of  the  se-callad  nedlfiad  awiatm- density  oompaettoa 
test  (Method  T-180,  Ma.  Assoc.  State  Highway  Offldals).  Km 
graaust  tnoiatura  cement  at  which  tests  were  mode,  excluding 
tests  on  the  peat  soil,  was  about  3$%  on  the  Healy  clay. 
Most  sand  soils  ware  tested  et  about  four  different  nKMatura 
contents;  the  heavier  textured  soils  such  as  silt  loams  and 
clays  ware  tested  at  five  to  seven  different  moisture  con- 
tents. In  the  soils  tested  the  ice  was  distributed  ttioughout 
the  sample  and  did  not  ooew  la  segioBated  tayart. 

At  each  nolstwa  oomaM,  latts  at  dlHaMnt  diy  dantttlaa 
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Fig.  1.  Vertical  section  of  soil  tube  lot  thermal  conductivity 
tests 


Table  I.   Soil  properties  in  thermal  conductivity  tests 


Range  of  conditions  )[>r 

Grain  size  analysis 

conductivity  tests 

Gravel 

Sand 

Silt 

Clay 

Moisture 

Dry 

Sf)il 

over 

2.0  to 

0.0$  to 

below 

Liquid 

Plastic 

content ,  % 

d'-nslty 

no. 

Soil  name 

2mm 

O.OSmiD 

O.OUSmm  0.005mm 

liimt 

index 

dry  wt. 

lb  cu 

ft 

P4601 

Chena  River  gravel 

80.0 

10.4 

0.6  ... 

NP« 

0.2  to 

5.2 

105  to 

i  33 

P47»3 

Crushed  quartz 

IS.S 

7».0 

S.S  ... 

NP 

0.0  to 

A.i 

:  u  3  to 

;  20 

P4704 

Crushed  trap  rock 

27.0 

fi3.0 

10.0  ... 

NP 

0.2  to 

i.H 

iu3  to 

120 

P470S 

Crushed  feldspar 

2S.S 

70.3 

4.2  ... 

NP 

0.1  to 

4.  i 

10  3  to 

120 

P47M 

Ctuahad  granite 

1«.2 

77.0 

*  *  « 

0.0  ... 

NP 

0.1  to 

4.1 

10  2  to 

120 

P4703 

20-30  Ottawa  sand 

0.0 

100,0 

•  e  • 

0.0  ... 

NP 

0.0  to 

1.7 

97  to 

109 

P470I 

Graded  Ottawa  sand 

0.0 

01,9 

«  a  » 

0.1  ... 

NP 

0.0  to 

5.6 

97  to 

108 

P4714 

Fine  crushed  quartz 

0.0 

100.0 

«  *  e 

0.0  ... 

NP 

0.0  to 

4.6 

97  to 

1  08 

?4709 

Fairbanks  sand 

27.5 

70.0 

2.S  ... 

NP 

0.2  to 

:  7.  f> 

10  r  to 

;  23 

P4M4 

iflwaU  sand 

0.0 

100.0 

0.0  ... 

NP 

0.2  to 

17.7 

91  to 

113 

P4S03 

Nortliway  sand 

3.0 

»7.0 

0.0  ... 

NP 

0.6  to 

21.8 

9  2  to 

U3 

P4S02 

Northway  fire  sand 

0.0 

97.0 

3.0 

0.0 

NP 

0.5  to 

14.0 

97  to 

116 

P471t 

Dakol.i  snndy  loon 

10.9 

S7.9 

21.2 

10.0 

17.1 

4.9 

1.9  to 

18.4 

84  to 

1  37 

P4713 

Ramsey  sandy  loam 

0.4 

Sj.6 

27.5 

18.S 

24.6 

9.3 

2.6  to 

18.6 

8B  to 

126 

P4S0$ 

Northway  silt  loam 

I.O 

21.0 

64.4 

13.6 

27.3 

NP 

1.4  to 

23.0 

75  to 

114 

M602 

Fairbanks  sUt  loam 

0.0 

7.6 

BO. 9 

11.5 

34.0 

NP 

2.2  to 

39.0 

70  to 

109 

P4710 

Fairbanks  silty  clay  loam 

0.0 

9.2 

63.8 

27.0 

39.2 

12.4 

2.4  to 

37.  3 

SS  to 

1  2 

P470S 

Healy  clay 

0.0 

1.9 

20.1 

78.0 

39.4 

15.0 

3.0  to 

35.2 

64  to 

108 

P47C7 

Fairbrtr.ks  peat 

♦  e  ♦ 

NP 

9.3  to 

284.0 

7.4(0 

2S 

^tiP  means  nonplasUc 
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WW  attempted.   Densities  varied  fiOffl  those  obtained  by  Just 
pOurlnQ  dry  sands  to  the  maxlmim  that  could  be  obtained  by 
hMVy  ranmlna.  Data  in  the  last  two  columns  of  Table  I 
Indicate  the  range  of  moisture  contents  and  dry  densities 
npresen'.ed  In  the  conductivity  teitt  on  each  soil. 

Thermal  conductivity  tests  were  made  at  four  tempersturat. 
Approximate  mean  temperatures  were  70,  40,  2S.  and  -20*F> 
In  each  case  a  10°  temperature  differential  was  applied  to  tfa* 
K>U;  I.e. .  for  the  70°  test  the  hot  side  was  at  7S°T,  the  cold 
•Id*  at  fiS"  r .  The  conductivity  value  was  determlnwl  In  « 
4-  or  S-hour  nin  afiar  a  balanoad  oondUUm  me  veacfaed* 

THERMAL  COMDUCTIVnY  VALUES 


most  studies  on  thenral  eondtietlvlty  of  ooU  hsvo 
been  made  at  above- (reosing  tMiporailuna.  II  is  intecottlng 
to  compare  thermal  conditctivtty  (k)  of  aoU  at  dmm  Mnpen- 
tures  25""  and  40"r.  Iho  hot  and  oold  aldo  tamparattma  tor 
these  tests  were  30*  and  30*r  in  tha  flrat  casa,  and  4S"  and 
as"  r  in  tha  olhaf . 

Tha  ratio  of  fha  k-valua  at  25*  to  Vlft  waa  fOund  to  faa 
dilefly  dapandant  on  the  moisture  content.  Ihia  la  lllaatrated 
in  Tig.  2  for  two  soils— otte  sandy,  the  other  Bna  textured. 
The  variations  are  typical  of  those  found  for  other  sandy  and 
silt  and  clay  soils.  For  soils  that  were  quite  dry,  very  Utile 
diffaranea  was  found  in  the  two  k-vnlucs.  At  low  moisture 
contents  (about  6  to  9%  in  sandy  soils  and  about  12%  in  sUty 
and  clayey  soils)  the  Icvalue  for  the  fioson  soli  was  slightly 
less  than  that  of  the  unfrozen  soil.  For  moisture  contents 
Increasing  above  those  lndic<)ted ,  the  ratio  Of  k  at  Zi'f  to  It 
at  40*r  becomes  Increasingly  greater  than  1.0. 

Since  Ice  has  a  greater  thermal  conductivity  than  WBtar<  the 
ratlOB  of  more  than  unity  for  high  moisture  contents  are  to  be 
expected.  A  possible  explanauon  of  the  lower  conductivities 
for  frozen  soils  at  low  moisture  contents  is  that  the  ice  In  such 
soils  may  not  have  had  the  same  continuity  that  the  water 
films  had.    It  IS  also  possible  that  In  this  particular  le.st 
apparatus,  :h(Tc  .vit;  □  roor''f  i;3tiibutlon  of  th<-  Ice  content 
In  the  soil  sample  bcr.vcLT'  the  hot  jnd  cold  (aces  than  there 
was  of  the  water  content  for  the  40'  r  tests,   lhafa  ara  HO  data 
to  support  either  of  these  suggestions. 


COMPARISON  OF  CO: 


:cTvr.'. 


The  reKitjo.';.'ihjfj  oJ  ihc?  conductivity  values  at  te.Tipert!turcs 
below  the  freezlrvg  poirr    2S    md  -20'^  F.  appears  to  depend 
on  moisture  content.    Fci  ti  it-i  made  on  all  soils,  excludi.og 
the  peat,  the  ratio  ol  the  conductivity  at  -20^  to  ih.»t  at  25'  F 
for  moisture  contents  oi  0  to  S*  (121  tests)  averjge  0.99:  5  to 
10%  (22  tests)  ,  i  .0!;  10  to  15%  (21  tests)  ,  1  .  OS:  1  5  to  20% 
(13  tests),  1.06;  and  2U%  or  more  (IS  tests) ,  1.04.   Thus,  on 
tha  basis  of  avarsvas  of  a  larva  mmber  of  tasts,  oenduetivlty 


son.  »««0« 
LO«lLL  iMO 


tOlL  *4TlO 
rillKANICt  jiltt  clat  lmm 


0  IS  M 
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n«.  2.  Variation  of  coaduoUvlty  (faalew  to  abova  ftaaaing} 
«ritii  aolstuia  eentant  of  aoil 


of  frozen  soils  does  not  vary  marknily  ir:  ,i  trnprt  ituH-  range 
from  25"  to  -20' F.  Conductivity  at  -2o'  becomes  somewhat 
greater  than  at  2y  V  as  the  moisture  content  increasas. 
Further  inspection  of  the  data  indicates  that  the  increase  in 
oonductlvlty  of  frozen  soiU  for  a  drop  in  mean  temperature  is 
flraatsr  (or  a  soil  with  a  high  deiulty  than  for  that  with  a  low 
danslQr* 

erPBCT  or  MdsruiiE  conient 

Since  COndtietiVlty  values  lor  frozen  soils  do  rai  vary  widely 
for  a  laatparatuta  vaneuon  from  2S°  to  -20° r.  only  the  test 
results  at  25"f  are  considered  in  this  discussion  on  the  effect 
of  moisture  content.  (The  tarm  "molstura  content"  is  used, 
although  "1m  content"  might  ba  more  appropriate.) 

When  values  for  soils  tested  at  a  wide  range  of  moisture 
contents  were  inspected,  k- values  and  moisture  content  for  a 
9lven  dry  density  appeared  to  have  a  straight  lino  relationship 
on  artthowtlc  paper.  Results  for  two  soils  are  shown  in  Fig.  3: 
ona  soil  is  a  sand,  the  other  a  slity  clay  loam.  Thus,  tha 
aQustlon  for  the  thermal  conductivity  fbr  a  given  soU  at  a 
given  density  can  be  written. 


k  ■  A  «^  B  (moisture  content) 


(1) 


A  and  B  baiiiB  constants,  and  tha  molstura  oonlant  baing  a 
paioeniaoa  of  tha  dry  walght  of  tha  soil. 

to  Indicate  the  numerical  incraasa  In  thannal  conductivity 
for  molstiva  oontent  langas.  tha  avaiava  value  of  B  (l,a. ,  tha 
Incraasa  In  k  for  a  l%  tnoraase  In  molstura  ooniant)  is  about 
1 .0  fef  sands  and  0.  s  fbr  silt  and  elay  soils.  Those  values 
also  vary  with  Hat  dry  density,  being  aomawhal  mora  for  high 
danaltlaa,  and  less  for  low  densities. 
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3.  Variation  of  thornal  conductivity  with  molstura  content 
tamperatuie  2S*F 


The  effect  of  moisture  content  might  also  be  considered  by 
expressing  moisture  in  terms  of  the  degree  of  saturation  Of  the 

void  space.  A  soil  who.'ie  voids  are  entirety  iilled  with  lee 
would  be  100%  saturated;  if  only  half  the  voids  wore  filled  it 
would  be  50%  saturated. 

Pig,  4  shows  the  data  of  Fig.  3  plotted  on  the  basis  of 
percentage  of  saturation.  Curves  for  different  densities  ara 
close  together;  i.e. ,  if  moisture  is  expressed  in  terms  of 
percentage  of  saturation,  conductivity  varies  directly  with 
this  pareaittage,  and  tha  affect  of  variations  in  dry  density 
at  a  given  paioentage  of  saturation  is  ssiall  (within  tha  range 
of  denaltias  tested) . 

Because  many  soils  in  the  field  may  exist  et  molstun  con- 
tents close  to  100%  saturation,  the  oonductlvlty  values  of  the 
soils  in  this  test  may  ba  of  interest,  flaturatfon  was  not 
always  attained  in  the  ectual  teels;  Ibarefore.  estimated 
values  for  100%  saturation  were  obtained  fey  extending  the 
straight  line  curves  (as  In  Fig.  4}  to  reach  this  point.  Pig.  $. 
bsaed  on  such  values.  Indicates  two  gioups  of  points.  The 
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Fig.  4.  V«rtation  ol  thermal  corxiucUvay  with  percentage  of 
saturation,  maan  tamparatui*  2S"P 


point!  (or  Mvan  or  the  soils  for  the  various  density  euivas 
whleh  could  tw  drawn  (17  points)  give  mnductivity  valiwa 
vaiyliiQ  between  11  and  17  Btu/sq  ft/hour  (for  a  thermal 
gradient  of  °F/ln.}. 

nie  soils  In  this  group  Include  all  the  ftne-textuied  sllty 
and  clay  soiu.  with  aooie  sandy  ones. 

Tlie  other  group  Is  for  Hirae  aoUs.  all  sands  or  sandy  soils; 
conductivity  values  are  bttiioioaa  21  and  27. 

lee  ha  s  a  conductivity  valua  of  about  1 S.  Thus  one  mwuld 
expect  that  the  conductivity  of  a  saturatad  soil  wouM  approach 
this  value  i(  the  density  was  low.  Raeognlslno  the  possiblo 
enora  in  die  extrapolation  required  te  obtain  aone  oi  the 
points  of  Pig.  S,  the  average  value  of  about  M  for  ona  group 
of  points  la  probably  not  far  out  of  line.  Sandy  soils  with 
high  quarts  contents  have  high  conductlvltieB  when  fioaan. 
as  indicated  by  the  high  gieup  of  values  In  Fig.  S.  Wltii  a 
decrease  In  density,  the  conductivity  of  saturated  sands 
would  probably  decrease  and  approach  IS;  tiie  points  of  Fig.  5 
and  Inspection  oi  Fig.  4  Indicate  only  very  slight  rsductlons. 

EFFECT  OF  DCNSITy 

An  Increase  In  density  at  a  given  noiiture  content  resulted  In 
an  increase  in  themal  conductivity  CPig.  3).  Pig.  6  shows 
graphs  for  two  soils  on  a  semilog  scale.  This  variation  can 
be  written 

k .  mm*  W 

A  <n  1  B  tioing  constjiits .    Curves  (or  toth  soils  in  f  ig.  6  have 

t)irly  constant  slopes.    As  an  avoragc,  an  increase  of 

1  lb  cu  ft  In  rionsity  will  increase  the  k-voluc  of  a  soil  by 

about       tot  the  range  oi  moisture  contents  and  densities 


Included  In  these  tests. 
EQUATIONS  AND  CHARTS 

The  pwpose  of  tho  diennal  oonduotlvlty  toots  was  to  dotenalno 
the  efl^  of  the  Important  vaitablas  and  also  to  ioniulata 
equations  or  cbarts  which  could  tae  umd  to  ottlsMto  thanaal 
condueUvltlos  of  ottar  soils  at  thair  axlsitna  eondttlons. 
Swob  diarts  must  fsprosent  ceitatn  average  conditions  and 
hence  will  not  be  as  oonect  as  an  actual  taat  en  oadi  aell. 

Iba  sMst  important  varlaUas  for  besan  aolla  warn  femd  to 
be  the  tamturs  of  tta  soil,  tha  sMlstun  oontant,  and  the  dry 
density. 

Taxtunl  vailationB  ware  aiavUflad  by  dIvldinD  soils  into 
two  groups:  "Sand  and  gravel"  mad  "aUt  and  elay."  In 
general.  If  a  soil  has  man  than  SMI  sand  and  firami.  It  is  in 
the  first  groiv)  if  It  has  mora  than  SOK  allt  and  clay,  it  Is  la 
tha  seeond  group. 

Equations  lor  variationi  In  nnlstura  eontont  and  density 
wera  eomparad  iss  one  group,  and  an  attempt  was  made  to 
aalset  fha  boat  average  coefficients.  Tha  equations  amved 
at  In  this  stannar  for  the  sand  and  gravel  aoUs  wara 

k  '  0.07«IO»*  *'"''  +  0.032*  *"*''(noistu»  eoMMMl  (H 
Fbr  the  allt  and  elay  soils 

k  -  O.OKlOl*  *''''  +  O.oasd*'-*'*''  (moisture  oomend  (4 

These  equations  ere  for  frozen  soils,  y  Is  the  dry  density  in 
pci  and  the  moisture  content  is  a  percentage  of  the  dry  weight. 
The  equations  are  not  meant  for  moisture  contents  lielow  1% 
for  sands  and  gravels,  nor  below  7%  for  silts  and  clays. 

To  make  use  of  these  equations  for  selecting  conductivity 
values  for  soils  kitown  to  exist  at  certain  moisture  contents 
and  densities,  the  charts  of  Fig.  ?  have  been  prepared.  One 
curve  Is  for  silt  and  clay  soils,  the  other  for  sandy  soils.  The 
100  and  5U%  saturation  curves  era  calculated  for  an  assumed 
specific  gravity  oi  2. 70  for  the  sell  sohds  and  1 .09  for  the 
ice. 

Since  the  charts  are  admittedly  the  result  of  averaging  the 
tests  on  a  variety  of  soils,  some  error  is  expected  in  their 
use.    For  five  lir<i?-textuied  soils  (P4713.  P450S,  P4602, 
P4710.  and  P4708).  124  tests  were  made  at  below- freesing 
toiniJ'T.itures.    To  ir^diratc  the  general  nature  of  agreement 
Of  the  charts  with  the  measured  thermal  conductivity  values 
In  the  Minnesota  tests,  the  following  values  are  given:  The 
ratio  of  k  by  equation  to  k  by  test  varied  between  0.9  and 
1 .  I'J  for  b7  tests,  between  0.  B  and  1  .  20  for  107  tests,  and 
between  0  ?  .mj  ,  .  50  for  I  20  tests.    Tor  the  sand  and  gravel 
soils,  the  chart  (fig.  7)  checks  the  test  results  very  well  (or 
three  of  the  clear,  materials  (Chena  River  gravel.  Pjirbanks 
sand,  .md  Lowell  sarvd)  ,  with  39  of  42  tests  within  25*.  The 
to.sts  whic  h  do  not  check  are  essentially  those  with  less  than 
i%  moisture  content.   The  two  Northway  sands  did  not  check 


Fig.  S.  Variation  of  thermal  conductivity  and  density  for  lOOX  Fig.  6.  Variation  ol  thermal  conductivity  with  dry  density  of 
saturated  soils,  mean  temparatura  2S''P  soil,  mean  tamperatura  2S*P 
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FlQ.  7.   Diagram  of  thermal  conductivity  ot  imzen  »oUs 


the  chart  very  well:  this  Is  attributed  to  tbelr  peculiar  mineral 

composition.  Where  other  sands  were  dominantly  quartz  (43 
to  72%) ,  Northway  sands  had  only  about  tU%  quartz.  Because 
of  this  peculiarity,  the  results  on  the  Northway  sands  were 
discounted  In  preparation  of  the  chart. 

To  obtain  a  more  accurate  estimate  tor  a  given  soli,  its 
yr.i         iiry  lifn  ^i-y,  ityi  moisture  content  crtn  be  compared 
wiih  ihe  i.'^iUjviiiual  soils  and  tost  corxlitions  included,  and  In 
many  cases  a  comparable  tost  situation  can  be  found  lS]. 

There  is  oonUnuSng  reod  to  accumulate  data  on  measure- 
ments of  therrr.al  ccrauc'.v.ty  c:  5o:l  together  with  such  soil 
information  as  texture,  moisture  content,  and  density.  With 
eonplitUons  of  sudi  Information,  tsblos  or  ciwrts  can  im 


impiov«d  and  thus  made  men  helpful  in  •■tlnattnv 
conductivity  valuas  for  other  soils. 


RETERENCES 

r  I  ]  MES  Insulated  Conductors  Cognmlttee.  "abll  lliennal 

CharactarlsUea  In  Relation  to  UnderBioimd  Power  Cables." 

AIB  BraHS. .  Vol.  79.  Pt.  3.  t9M,  pp.  »fl-8Se. 

L  ZJ  M.  Van  Rooyen.  H.  r.  Winterkom.  "Structural  and 

Texturat  Influences  on  Ttwrmdi  Conduc-iivity  of  $olls."  Pjoc. 

Highway  Res.  Bd..  V*l.  3B,  1959.  pp.  S76>G21. 

.  3J  A.  R.  Laehenbruch.  "A  Probe  (or  Measurement  of  Thermal 

Conductivity  of  rioten  Soils  in  Place,"  Trans.  Am.  Geophvs. 

Union,  vol.  38.  )9$7.  pp.  691-697. 

14J  A.  Hlgashl.  "On  the  Thennal  Conductivity  of  Eblls,  with 
Special  Reference  to  That  of  Frosen  Soil,"  T^ans.  Aai.  GaOnihYS. 
Union.  Vol.  34,  No.  5,  1953,  pp.  737-740. 
[SJ  M.  W.  Makowskl.  K.  Mochilnakl.  "An  Evaluation  of 
IW0  Rapid  Methods  Of  Assessing  the  Thermal  Resistivity  of 
Soil,"  Pioc.  Inst.  Electrleal  Enars. .  Vtal.  103.  Pt.  A.  19S6, 
pp.  4S3-470. 

■.6]  A.  S.  Mlclcley.  "The  Thermal  Conductivity  of  Moist 
Soil,  •  AIEE  Tran.1.  ,  Vol.  70,  Pt.  2,  1951,  pp.  1  789-1797. 

7j  M.  Van  Rooyen,  H.  F.  Winterkom.  'Theoretical  and 
Practical  Aspects  of  the  Thermat  Conductivity  of  liolJs  and 
Similar  Granular  Systems,"  Bull.  166.  HlBllWay  R«S.  Bd. . 
19S7,  pp.  H3-20S. 

Le]  M.  S.  Kersten.  Final  Report,  Laboratory  Research  for 
the  Determination  of  the  Thennal  Properues  ol  Soil*.  Corps 
of  EnBlnoars,  U.S.  Aimy,  1949. 


PLASTIC  DEFORAAATION  OF  ROZEN  SOILS 


r.  J.  SANGER  AND  C.  W.  KAPUR,  U.S.  Army  Cold  Regions  Research  and  Enginoedng  UUwiiiory 


BxpMlone*  has  shown  that  ftoawn  sells  undar  load  ar*  not 
usually  Beoikoan  solids,  but  nay  have  an  Irreoevarablo  dofor- 
Biatlon  after  an  initial  elastic  strain.  It  la  also  known  ttat  the 
ihaelofloal  propeftfes  ate  very  sensitive  (0  lenparatura,  an 
Important  characnetlstlc  of  viscosity. 

The  aialn  purpose  of  the  investlsatleo  was  to  study  the 
•ffaets  of  temperature  and  stress  on  the  plastic,  i.e. . 
iffaeovwablt,  dstonnation  of  several  ftosen  soils  under 
unoonllnod  eompraaaloa  at  a  constant  load. 

Prellninaiy  wedi  eiv  six  soil  types  [  I J  showed  that  good 
daad-tM*Mht  foad  tests  could  be  nade  la  a  small  spaea  under 
cloae  teokpamture  cenuti,  and  that  tor  these  teats,  «  ^ad' 
men  should  be  under  toed  for  at  least  60  hours,  lima  iMsraeaos 
with  decreasing  temperature  and  strsss.  and  depends  On  SOU 
properties,  temperature,  and  load.  This  paper  deals  with 
tests  conducted  on  eight  frosen  soils:  1 .  McMasMra  concrete 
send  tSM);  2.  Manchester  fine  sand  (SNIO:  3.  New  Hampehlrs 
silt  (KVH  J   9.  r<«trbenles  sUt  <sr{>:  S.  Yukon  stlt  (SYSt:  6. 
Pargo  ciay  isrrc):  7.  Boston  blue  clay  (SDO.  and,  6.  Alaskan 
peat  (SAP). 

SlaUlar  tests  were  made  on  anificiol  ice  for  comparison. 
The  soils  and  sample  preparation  are  described  in  the 
Appendix.  Soils  1 .  4,  6,  and  8  are  studied  In  this  paper, 
with  special  attanuon  to  Mo.  6,  Fai«o  clay,  owing  10 

exceptionally  good  data. 

The  specimens  consisted  of  cylinders  about  2-3/4  In.  In 
diameter  and  about  6  in.  high,  each  carofully  trimmed  to 
ensure  that  the  ends  were  square  to  the  axis.    lust  before 
betr>g  tested,  each  specimen  was  ootited  with  a  thin  film  Of 
petrolatum  to  prevent  ice  sublimation  cUnmq  the  comparatively 
long  loadirig  period.    The  specimens  of  cl«iy  and  peat  were 
C  UP.'!?:::  :iut  Of  undisturbed  blocks:  others  were  remolded  clote 
:o       .r  j!  densities.    (See  Appendix.) 

Norn  nil  compressive  stresses  of  20,  50,  uriJ  60  psi  woie 
used;  test  temperatures  were  20~  ,  Zii'  ,  2B' ,  and  31  F,  on^l 
oacaalonally  32°  F. 


I'lg.  I.   Diagram  of  test  apparatus  foi  plastic  deformation 
tests 
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TEST  PROCCDURB 

Fjg.  1  iliuslKitva  the  tost  e.julpment  set  'jp  in  a  freozing 
iMbinct  whnc  tho  tcinporjture  could  be  held  to  within  three- 
'ourths  o'  ^  degree  of  the  range  from  12    to  3\  F.   Thts  simple 
tci;t  appiiratuB  wolfcad  very  well  and  generally  ww  tntttworthy 

results. 

The  specimen  was  first  centered  with  .1  r.\p  which  applied  • 
seating  load  of  6  lb.    Rig.s  01  Icid  shot  wen;  placed  m  the 
container  to  m.^ke  up  the  desireit  lojd.    This  was  then  ijently 
lowered  to  |u.*;t  touch  th»r  lo.id  cap.    When  everything  was 
ready,  the  lo.id  'Mas  .ipplied  to  the  specimen  by  a  quick 
release  ol  the  mechanical  jacks,  following  a  very  sm.ill  seat- 
ing load.  t)ni:         lelt  on  as  long  as  desired,  or  until  the 
deformation  reached  2  in.  .  the  limit  of  the  jacks.   The  test 
condition  was  hence  "constant  lond"  r.ither  than"eonSMnt 
stress,"  and  ix>  impact  was  inmally  applied. 

ADJUSIMENTB  OF  TEST  RESULTS 

The  liibor.Htory  test.i  resulted  In  deformation- tine  curves  at 
spf!Cifl«d  temper.itures  arid  corweniional  suesses  (based  on 
initLi!  cro.'.K- sectlon.jl  orea) .    Sirice  the  diameter  of  n  speci- 
men increased  with  time,  tho  actual  stress  wjs  diminishing 
With  time. 

The  acturtl  stres.s  was  computed  on  the  assumption  of  con- 
stant volume  ,^nd  the  m.^lntenance  ol  cylindrical  (onn.  The 
natural  (logarithmic)  strain  was  then  adjusted  to  constant 
.iire.'i.s  by  assuming  that  fof  Very  mall  chanaM.  etralnwaa 

proportional  to  stress. 

for  e4uivolumin_>l  i.jfnrn-atiQn  .  u     0 .  S  (a  rMIBIiabto 
assumpt-fin  'or  converting  X  to  rfJ  and 

•»-«rTi5-i  (*•!) 

fig.  2  sho.v-.  ti^.nal  strain-tlmo  curves  lor  a  irc.-er 
clay-SFFC.   The  three  .it.^ges  ol  creep  are  Clearly  soon  on 
one  cur.'e  {22' ! .  hu  p-.j  .  uM  tht  affacts o(  chaiigaa in  atraaa 
and  in  temperature  are  evident. 


TIME.hr 

ng.  2.  Typical  tlna^atrain  ewvaa  CPaigo  claji 
30« 


1  1 — I — I  1 — I — I — r 


ng.  a.  lypleal  atreln-aMaa  cwvaa  at  eoaatant 
tamperatura  (Maakan  paai)  at  29' P 


Tor  each  soi.  ana.yzed,  three  nominal  stresses,  20,  SO, 
and  flO  psi,  and  three  or  four  nominal  temperatures,  ranQtng 
from  about  20"  to  32^  T .  were  test  parameters  for  the  study  of 
those  rolatior.'ihirs:    1 1)  Ti-i  < — strain  .jt  constant  stress  and 
temperature;  (h)  ume- stress- strain  (isometric  iriaxial  plotj 
at  constant  tMnpaxatm:  and  iei  tamparatim- atraaa— rata  oi 

strain . 

Where  data  permlttod  ,  other  parameters  were  studied,  in 
p.irt.t-ul.ir ,  the  rel-ilions'ilp  b-etween  rheologic.1l  properues  arxj 
"ic«"  content  ol  the  ^oil. 

Tig.  i  shows  typical  curves  of  stress  and  strain  (or  con- 
stant temperature  and  variable  times.    E.ich  cirve  ran  be  COn* 
vetUently  expressed  by  a  hyperbolic  sine  function  ol  stress* 
Flga*  4  tfueuBh  S  aunanartaa  tha  laiior alary  data. 


STRAIN  RATS,  STRESS,  AND  TKMmATDRE  OP  PAROO  GUY 

It  aaaaad  raawmbia  te  anpraas  lanparataa  in  tanaa  of 
dagvaaa  balow  tta  nwltifig  poliN  W,  alnea  i  gata  oonpaia- 
tlvaly  vaiy  latga  if  9  approaehaa  san,  and  Raaalan  imraatt* 
caiwa  liad  fonnd  dagnaa  of  Itoat  a  valuabia  pnraaiataf  C3, 4]. 
Widiin  tiM  botmdaiy  conditlona  of  tha  taata,  by  eiifva>(ltttns 
taehnlqiiaa,  tha  aumaum  atrain  rata  can  ba  axpraaaad  aat 

c  c  BO  X  10'*  SInh  bS'^  par  hew 

where  b  =  1 .  4S  exp  (0. 029  a) . 

The  very  strong  dependence  on  stress  Is  evident.  No  simple 
<•  juatioii  of  the  typi-  <     HlTlc'"-  where  T  15  absol  jte  temperatura 
and  n  is  a  constant  can  apply,  although  the  expression  given 
la  fay  no  laaana  iinlqiia> 

Zero  Intercept 

For  Fargo  cl.>y  (by  Ottiva-flttlng) 

tjt  »  4.0  0«'*** 
O 

Than  total  atrain  for  Fargo  clay  (assuming  that  Uw  dUad  ataga 
la  not  ivaebadl  la 
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SPECIMEN 
NO 

INTERCEPTS 

r.Kt 

SM-121 

1  »0 

e 

cc 


Anomatout  rtsuitt  pro^bty 

of  saturation . 

Nott  tabi*  AJI 


TIME,  novd 


(0 


30 


10 


1  1 

SPECIMEN 
NO 

WTEWCPTS 

«.* 

T.lw. 

SM 

-S26 

ozr 

110 

SM 

1  la 

4»0 

SM 

-320 

2  7S 

IISO 

f 

—  2e*F. 

SM 

-32C 

 1 

1_  M  Pf 

^— : 

1 

»«'r. 

•M 

-StI 

2«'r. 

SM 

-321 

20  Ml 

■< 

'—  

—  ♦  • 

1 

1 

TIMC.  kMn 


O.  STRAIN«T)MC  at  tO*F  oiitf  £4^^ 


k  STMIN-TIHE  at  2e»F 


C  STUAIN-TIMe  ot  aO-F  d  TIMC-STRESS-STRAIN  Sg-F 

n«.  4.  ainwy  of  tlmo-ttmo-Mnln  dati  for  froson  MeNaman  ooncrato  Mnd 
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■A 


»0  . 


?  SO 

« 
c 
»- 
m 

t.o 

10 


SPEOMCN 
NO. 

INTCRCEPTS 

T.hr 

srs-s04 

11 

1  s'5-3d: 

(,3 

tl-F.  Sf»-304 


•  Mnil 


»0  Ml 


to 


M  40 
TtME,  hMn 


•O  !>•' 


SPCCIMEN 

INTERCEPTS 

NO 

T.ht 

S«S-J«9 

i  1 

i6 

D 

SFS-»4« 


20  ^it 


+  - 


U  TO 


a  STRAIN  •Tine  at  2I*F  and  25*F 


bi  STRAIN-TIME  at  2S*F 


C.  STRAIN-TIME  at  SI*F  and  3S*F  d.  TIME-STRESS-STRAIN  at  3I*F  and  32*F 

Fig.  S.  Summary  of  Uma-sti«s«- strain  data  tor  fiman  Fairbanka  ciU 
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a  STRAIN -TIME  at  20*  F  and  29*F 


b.  STRAIN-TIME  at  2«*P  W4  29*F 


BLOCK  OIACRAM 


C.  STRAIN-TIME  ot  3I*F  ond  32*F 
Fl0.  6.  SumiMiy  of  tliiM-strast- strain  4ata  for  tracaik  faxgo  clay 


d  TIME-STRESS-STRAIN  ot  H»F  and  32«F 
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TIMB.kMn 
a  STRAIN-TIME  «*  a»*F 


b.  STRAIN-TIME  ot  Sl«F  to  3e*F 


C.  STRESS-STRAIN  at  29*F  d  TIME-STRESS -STRAIN  at  29«F 

Fig .  7.  Suromftry  ol  Unw  tti«s*-«traiit  data  for  fiOMn  Alaskan  paat 
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e.  iTMNi-fiw  m  vrr  mi  i<*r 

rig.  8.  Sumnwir  Qf  ttiw-0lnst-Mr«lii  data  ior  actiiietaUy  tnama  let 


€%  ■  4.0  ♦  80  X 10"*  (Unb  liO'*I  t 

wlMf*  1 1>  la  houra. 


DISCUSSION 

Limiting  Creep  StreB» 

Results  ind..  ■- I'-o  '.hst  the  frozen  soil.s  usually  had  seme 
tonpcraturi!- stress  conditions  at  which  the  deforrnauon  under 
constant  load  remained  constant.    Anoly.iis  ol  the  data  for 
this  project  led  to  no  useful  generalizations,  srxl  oiUy  teats 
c»n  daMroUM  Mm  particular  oonditloita  with  an  unknown  soil. 


Soils  and  Icq 

Ice  seemed  to  hfivr*  a  lower  strain  rate  than  saturated  (or 
almost  srttur.itfdj  soils  at  the  same  temperature  and  stress. 
The  data  showed  considerable  scatter,  and  the  existence  of 
any  linltinc;  creep  stress  is  uncertain.    The  average  jnlt 
weight  of  24  ice  specimens  was  S6. 6  pcf;  most  specimens 
wwlahad  S5  pcf ,  and  (b«  valuaa  apnad  6am  S2  to  SO  pcf  • 


Strain- Rate  and  Soii  Properties 

An  Important  faealc  parameter  seemed  to  be  the  volume  of 
watar>lca  aa  compared  with  the  volume  of  mineral  grains. 
Otttar  vaflaUaa  am  aoll  type:  nature  of  minerals  in  the  aoU; 
aurfaoa  ooodltlaaa  of  elar  atlnaralai  degree  of  soil  ooaipao- 
tlon;  d«gi«s  Of  aoll  aaturaUon}  moda  of  ice  occun«iie»-> 
whathar  honoganaooa  or  not)  and  amount  of  un6oaan  watar  aa 
parcentaga  of  total  watar  atibatance  (in  fine-gralnad  solid • 

Tba  ratio  of  volumo  of  tea  to  volume  of  soil  gnlna*  tanaad 
bar*  tba  "voluotaine  teo>aoil  ratio."  was  tha  moat  algnlftcatt, 
ao  It  waa  uaad  ier  eoflipartna  tha  aolls.  Tha  aaaumptton  that 
all  watar  waa  toaan  had  a  vary  amall  affaet  on  tba  volumo 


Hie  other  parameters  used  were  minimum  rate  of  natural 
atrain  (c),  nominal  stress  (o) .  and  temperature  (D.   Figs.  9 
through  1 1  show  some  results  of  the  analysis,  lha  high  strain 
rata  In  elaya  rsflacta  tba  dapraaaod  fraaslnB  point  and  high 
pieiMctlen  of  unboaaa  watar.  "lOa"  (laFlga.  0,  10.  II)  awam 
total  watar  auhatanoa  In  a  ftnaan  toll. 

Uttio  was  dona  with  tho  saeondaiy  ihaologleal  paraaiatars 
wbUd)  wars  oonipuiad,  and  no  attanpt  waa  mada  la  find  a 


ICC-tOll  »«TII» 


rig.  9.  Rata  of  straln-volumatrie  ice-soU  ratio  at  20  psi 

311 


Copyrighted  matBhal 


icc-iwtHiiiTia  ICE- ■on.  mtio 

Fig.  10.  RiM  of  atfaln-volu«Mtrle  ioa-Mil  ratio  at  SO  pBl          Pig.  11.  Rato  of  atnln-veluiMtrto  leo-wtl  ratte  at  28*F 


Tabla.  Aimary  of  analytle  locults 


Spaeiman 

Taoip. 

( 

o 

t 

6* 

6" 

No. 

CD 

Vol.  Mil 

1%) 

h 

Mjr 

10 

/  hour 

10  psl-hoyr 

10  psi-tvour 

MeNanara  Cenerola  Sand 

SM-  326a 

26 

0.504 

0. 

27 

:  10 

24.0 

0.83 

0.28 

SM-  307A^ 

30 

0.486 

0. 

60 

120 

66.7 

0.30 

0.10 

SM-3\9^ 

20 

0.  489 

0. 

81 

CD 

0 

to 

00 

SM-32lb 

24 

0.445 

1 . 

30 

<x> 

0 

CD 

CO 

SM-  322'' 

28 

0.469 

1 . 

18 

490 

24.0 

2.08 

0.69 

SM-32U'= 

28 

0.463 

2. 

75 

1 

150 

24.0 

3.33 

1.11 

30 

0.455 

5. 

31 

316 

167.0 

0.46 

0.^6 
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srs-34B^ 

28 

0.  684 

2. 

6 

CO 

0 

00 

«D 

SFS-364:' 

31 

0.824 

1 . 

7 

126 

133 

o.is 

O.OS 

21 

0.  692 

0. 

11 

00 

0 

00 

00 

S!S-3Cl2t' 

2S 

0.  726 

0. 

63 

CO 

0 

00 

00 

SfS-31lb 

31 

0.  709 

11. 

0 

34.0 

3 

200 

0.016 

O.OS 

SrS-  349C 

28 

0.  796 

s. 

1 

310 

100 

0.80 

0.27 

srs-36sc 

32 

0.638 

37. 

6 

52 

7 

320 

o.on 

0.004 

Fargo  Clay 

SFFC-3^H^ 

23 

1.240 

0. 

60 

72 

83 

0.24 

0.  080 

31 

1.267 

4 

64 

SCO 

0.033 

0.011 

SFFC-336t> 

20 

1  .  138 

0. 

6 

118 

51 

0.98 

0.33 

SFFC-3'17'^ 

2S 

1.213 

2. 

3 

192 

120 

0.42 

0.14 

SFFC-  335'> 

29 

1 . 1  35 

15 
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300 

0.17 

0.0S7 

SFFC-365'^ 

31 

1 . 162 

11 

29 

3 

780 

0.013 

0.0043 

SFFC-3-i;j<^ 

28 

1.201 

24. 

S 

122 

2 

000 

0.040 

0.013 

SFFC-366C 

32 

1.276 

22 

6 

38 

000 

0.00021 

0.000O7 

Alaskan  Peat 

SAP-314* 

29 

2.S42 

0. 

I 

33 

30 

0.67 

0.22 

8AP-310tt 

31-1/2 

S.04S 

4. 

S 

670 

67 

0.30 

0.10 

22 

4.775 

0. 

2S 

e 

800 

21.7 

2.30 

0.77 

SM>-313>> 

29 

4.489 

1. 

0 

167 

60 

0.63 

0.26 

SAF-307l> 

32 

3.341 

1. 

0 

3.0 

3 

500 

0.014 

0.0047 

29 

4.276 

4. 

s 

14.0 

330 

0.242 

0.061 

32 

4.460 

14. 

s 

1.0 

117 

$00 

*8mai  t«  20  |Ml 

la 

SO  pal 

eSlraaa  la  90  pal 
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Theological  model  to  express  observed  phenomena.  The 
raloxation  time  was  not  found  to  follow  any  law  for  any 
OMtwtaU  Th«  nM>d«l,  i(  found,  would  be  complex  and  of 
•oMll  valiM.  1h«  cenpuMd  wiults  am  given  In  the  Table. 

C0MMBNT8  ON  eXPERMENTAL  WORK 

Unconflned  compression  tests  arc  the  simplest  for  etudyinv 
plastic  deformation  of  frozen  soils,  but  test  convenience  Is 
offset  by  riifticultles  in  jrjlyais 

The  soil?  tested  ".vorc  as  ncir  saturation  as  possible. 
Permoirpst  is  riot  aJwjys  saturated  and  research  at  lower 
water-Ice  contents  i  s  tiosl:.?h|.>.    Other  modifications 
suggested  arc:    Use  of  nnrc  th.in  thrco  stresses,  a  wider 
temperature  range,  and  better  tenperitaro  control;  constant 
stress  rather  than  constant  lo-id;  more  p:ccA-:.f  LiL^formatlon 
measurements:  and  observations  during  relaxation  on  load 
removal  from  a  stressed  condition.    Research  now  in  progreM 
at  the  U.S.  Army  CRREL  incorporates  these  rh.nnges. 

COMMENT  ON  THE  ANALYSIS  OF  THE  LABOPJ\TORY  DATA 


Tests  were  made  at  constant  load,  necessitating  small 
adjustmer.ts  to  compute  the  strain  effects  of  a  con&tarji  siresB 
not  quite  equai  to  that  on  the  specimen.   This  detracts  from 
the  accuracy  of  the  analysis,  but  shows  relationships  between 
creep  parameters  better  than  t(  load  and  detormation  were 
uted  unadJueied. 

ACRMOWUDGMnn 


This  paper  covers  a  small  part  of  a  three  year  (I9SI  -  19S3) 
■tudy  of  frosen  eoUs  performed  by  the  paraonnel  of  the  Arctic 

Table  A.I.    Soil  descnpuons 

Compnctior 
Chariactt;fi/.tiC3 

Departmenl  of  the  Ar^.y  OptMUIR 

Un;fiedJ3cU^|assi!icjtlori   AtterPCTj  Limits   Max. Dry  Water 

Soli  •...-t.jp    :  .4uid    Plasticity  Shrinkage  3f -Ttf;!-  Vr;t  Wt.  Content 


Lesiend       Nane  j-jurce  S^scuptlon  a^r-ni-Ci  LiiT.it     Index  Limit  ufjv.ty    Ipc!)  (  fe) 


m 

McNamata 
Ccmcrete  Sand 

Neadhan,    SAND,  tiiawn,  angulari 
Mail.        pfoeested  for  eonerate 

SP 

no 

n- plastic 

2.72 

123  (1) 

Ota 

Manchester 

Fine  Sand 

Manchestet,  Uiiilorrr. ,  line  SAND, 

N.H.          light  brown,  clean 

8P 

no  n- plastic 

2.es 

106  (1) 

mm 

New  Hampthira 

Silt 

Manehatter. Light  gray  brown. 

N.H.           Inorganic  clayey  SILT 

CL-Ml 

26 

5 

2.70 

107(3) 

1S.6 

srs 

rairbanks 
Silt 

Fairbanks,   Brown  and  gray  SILT, 
Alaaka         contairung  traces  of 

mica  attd  some  organic 

matter 

ML-CL 

4 

2.68 

112  (2) 

IS. 7 

svs 

YiikonSllt 

Whltahorae,  Gray,  well  graded, 
Yukon         inorganic  clayey 
TaiTttory.  ALT 
Canada 

CL-Mt 

28 

9 

2.73 

121  <j) 

12.8 

SBC 

Boston  Blua 
Clay 

No.              Stiff  loan  CLAY,  rela- 
Cambrldg«i  tlvely  homogenaous 
Masa.        and  free  of  fraeturae 

and  varves 

CL 

47 

27 

22 

2.81 

SFFC 

Faiyo  Clay 

Fargo,         Dark  gray,  friable, 
N<  D>          highly  plastic  homo- 
geneous fat  CLAY,  with 
honeycomb  structure 
(organic content  8%) 

CH- 
OH 

M 

46 

IS 

2.76 

SM> 

JUaakaa  Part 

rairbanks.    Dark  brown  to  Uack 
Alaaka        PEAT;  fibcoua.  parti' 
ally  decomposed 
lonanle  content  B21I) 

Pt 

Taata  inappUcaUa 

I.S2 

Motes:  (1)  Providence  Vibrated  Denalty 
(2)  Modifiad  AA8HO  Danat^ 
19  Standard  Proctor  Density 
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Construction  and  Frost  Effects  (ACFEL)  Corps  of  Engineers. 
U.  S.  Army.    The  laboratory  was  under  the  direction  of 
Kenneth  A.  Linell:  Chester  W.  Kapl^ir  was  project  engineer: 
James  F.  Haley,  Henry  W.  Sii'vin  i.  jnd  O.  W.  SiTOni  con- 
tributed to  the  laboratory  work.  The  report  is  by  Frederick  I. 
Sanger,  fotaMvly  spadal  aaalatant  at  ACPEL. 


APPBHOnC-SPSaMEN  PREPARATION  DATA 


SelBio  Pifaaaliw 

All  apeelmana  about  2>3/4  in.  dianeter  and  noat  trtnuned  off 
to  a  height  of  about  6  in. 


ng.  Al.  Grain  alza  diatribuuon  of  teat  aolla 
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Tttbi*  A«1I.  Simuiary  of  tact  conditio na 
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% 
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6 

r 
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'jM  -  i  0  7  A 

£■ 

1  1  £. 

1  ^  A. 

Q4 

n  ^  1  R 

U  .  3  L  0 

Til  n 
JU  .  u 

lA  a. 

Cone  rot  o  Sand 

g 

1  I  d 

1  ^  A 

Q4 

n  jAi 

W  ,  s  03 

JU  .  u 

OlVl  JUUM 

0 

1  1  5 
1  i  £ 

1  ^  n 

1  9  •  w 

oo 

U  .  3  L  O 

in  n 
JU  .  u 

9A  9 

SM  -  3  2  6 

s 

1  09 

1  7  0 

90 

U  .  39 0 

1A  A 

DiVI  ~  J  £,  £. 

112 
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1  9  •  O 

7  1 
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JA  A 
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1  U9 

15.6 
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V  •  ^  Oil 
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■)  g  0 

AJ  9 
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1 1 1 
ill 
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OH 

U  .  3  J  L-i 
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al.a 
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diVl  "  J  1  7 

•9 
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ill 

1  ^ 

J  V  •  3 

4  7 

n  ^  ifi 

7l1  1 
ZU .  J 

cfl  9 

■  airDBJIKB  will 

£V 

117 
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n  Ann 
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t  A  ft 
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0  78U 
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or  o  ->w? 
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97 
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7n  n 
£  0  •  u 

9 
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96 
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90 
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J  A  0 
£*l  >  U 

SO  n 

SFS- 304 

]  4 

B6 

31.7 

0  RQ7 

V  ■  09  £ 

91  n 

91  •  « 
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1     7  A7 

1  9Q7 
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ot  I  ^    J  Sj 

o 

79 

17  7 

Qfk 

iS  w 

1  •  1  J  J 

1.101 

7<3  7 
£7  .  / 
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£ 

7  7 
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97 
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77  ^ 

9A  A 

ot  *        J*!  ' 

^n  t 

OA 

1    7  A7 

9^  A 
£9.  Q 

^A  A 
W.  A 
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1 
1 

70 

17  A 

Of  a  9 

Qfi 

90 

1     1  lA 
1*1  JO 

t    1  fli 
1*101 

£Ua  9 

VI  9 

1  c 

99 

Q  19A 
9«  J«D 

99  fl 

9A  9 

• 

99 

9ni  <. 

1  na 

1  WV 

1    H  9 

CA  4 

SMP"308 

1 

17 

270.2 

98 

4.480 

4.S81 

32.0 

81.8 

SKP-314 

0 

2$ 

1S3*3 

91 

2.S42 

2.798 

29.0 

19.7 

ttP-313 

2 

17 

276«8 

100 

4*S89 

4.S82 

29.5 

80.8 

SKP-3U 

2 

19 

2S7«9 

100 

4.278 

a.  994 

29.8 

79.0 

AP-312 

S 

16 

2M.9 

97 

4«77S 

4.931 

22.  S 

49.3 

7 

1€ 

202.  S 

9S 

4.884 

4.931 

18.5 

SO.  8 

ni  oompacMl  ta  appraxlnalaly  117  pef  ■  9S%  Piovidene* 
Vlfaratsd  D«i»lty. 

SFS  compacted     3ppioxlnM.ly  lOS  pel*  9S%  Modlftod 

AASHO  Density. 

9t9  campacted  to  apfiroxlmaitely  IIS  pcf  ■  9SK  fltandud 

IVoctOT  Density. 

SNH,  SNHT,  and  SNHS  molded  to  95*  ModllLd  AASHO  Density. 
8FFC,  SBC,  and  SAP  trlomad  fnMii  undtaturfaod  nnpJea. 

Dwlno  Fraealna 

All  spoclmens  frozen  axially  downward  ir»  an  o^vn  :yst«mata 
r«te  ol  about  1/2  in.  per  day,  excepting  Monchustet  Fine 
Sand,  which  had  a  rate  of  1  in.  par  day. 

Altar  nraaalna 

Meariy  all  apaclnana  trtnnad  to  aboiit  C  In.  In  halfht  and  tfaa 
ends  aquarad* 

Before  Testing 

E  ,ch   pe::in.>n  waa  tanparad  for  at  laaat  16  howa  at  tha  taat 

tiimpiirature . 

Tabic  A.  I  with  soli  descriptions  and  Tabla  A. II  listing 
some  ol  the  test  conditions  follow: 
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NOTATION  (Refer  to  Fig.  2) 

9   Stress,  psi 

c  natural  atmla.  % 

(    mlrumum  (time)  rate  of  change  of  natural  strain 
(second  stage  of  stage  of  creep) ,  per  hour 

(o  Mio  tiMfmpt,  % 

t  ralanation  time,  hour 

T    temperature,  T 

9  degree  ot  frost,  measured  below  32° F 

X  cMfficlmt  Of  viscous  oompraaaion:  [  2] .  strasa  tinMS 

time— usually  p^l-hour 
I)  coefftcient  of  dynamic  viscosity,  stress  times  time 
|i  Pwsson's  ratio 


DISCV88IOM 

C  Editor'  a  note:  Saa  diaeuaalon  toy  A.  ASSUft  at  aod  of 

Saaslon  6] 
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CLOSURE 

Assur  Is  very  kind  10  call  MtButttoa  to  the  fantastic  fonaula 
that  Coontrary  to  his  statement  la  not  pnpoaad.  It  was  pn> 
saniad.  as  indicated  in  tha  popar,  to  shew  that  tha  almpla 
aquation  <  ^  B  Itlo'*,  oftan  us«d  for  ciaap  in  natala,  is  un- 
voalisuc  with  a  froMn  sMl:  Space  limitation  imvanted  an 
•manded  4iacustlOA»  houBhly  apaahlno,  n  la  about  2-1/3  ior 
Paige  etaor,  but  A*  fit  la  poor. 

Using  strain  and  not  stnin  rata  loads  to  an  equation  of  the 
Vyalo*  type 

..InlOlii^ 


where  c  la  natural  strain,  %s  9 18  stiess,  psll  t  Is  time,  hour: 
and  6  Is  in  rahrenbait  dasraas. 

Wa  agraa  with  Assur's  views  on  iornui^?  in  general, 
manly  pointing  out  that  many  {ormulas  of  engineering  value 
do  not  satisfy  rigorous  crltena  of  mathematics  and  physics. 

To  date,  no  satisfactory  theory  for  cnep  Of  frozen  soils 
has  been  developed:  The  problem  la  much  harder  than  creep 
in  nwtals.  For  this  raaaon.  the  only  way  to  solva  anplneer- 
Ing  pnUems  la  by  appiwdaiaie  eqttatioaB  based  on  plausible 
rsasonlng.  experiments,  and  axperfeitca.  The  aquations 
propessd  by  VyaHav  have  drawbacks,  but  appear  to  be  the 
beat  at  tha  sMnwnt.  A  study  ef  two  retereneea  l4,i}  is 

We  agroe  with  Assur*a  doalng  paravmi*. 


SOIL  FREEZING  CONSIDERATIONS  IN  FROZEN  SOIL  STRENGTH 


mn«»fO  N.  VOHG,  McGlU  Vnlvarslty,  Montreal 


In  the  study  of  sell  ixopsrtles  and  cbanctarlstlcs,  tt  Is  usafal 
to  describe  (lindagienlBl  telatlondilps  ef  sell  behavior  In  larma 
of  aaeauied  piepartles.  for  sella  at  tempeietwes  abewa 
fraaslno ,  of  particular  Intaieat  are  aoli  atcangth  and  eoapns- 
slblllty  or  deformation— since  these  have  the  nest  taaarlna  en 
stability  o(  angtneartng  struonirea.  The  perameters  In  aueh 
behavior  cbaraclarlstlea  aie  being  ciesely  scrutinised  ( 1] .  It 
is  beooBlng  mesa  evident  d>u  the  laws  of  OMohanlcs  appiloa- 
bla  to  granular  aolla  stay  net  be  u  easily  applied  to  many  a  lay 
aeUa  henaHae  ef  lha  psesenee  ot  SMlecular  and  surface  CetcM. 

Xba  method  ai  laat  •wabuthn  la  important  in  dotarmlntaig 
fictam  of  soil  aktengih.  Ihla  la  particularly  important  in  the 
detarminatlon  of  shear  strength  paraaetara  of  clay  soils. 
Batwaan  limits  of  operative  parameters  defined  by  granular 
soils  and  clays,  friction  is  thought  to  be  primarily  responsible 
for  granular  soil  suength;  cohesion  is  the  other  controlling 
parasteter  In  olay  soil  strength.  Tha  cohaalen  parameter, 
however,  has  iwt  bean  defined  too  clearly,  and  seems  best 
Interpreted  as  an  Inherent  property  of  clay  soils,  dependant  in 
pert  on  such  factors  or  variables  as  (a)  clay  mineral  aiul  soil 
composition,  (b)  prestress  history,  (c)  soil  structure, 
(d)  nature  of  pore  water  and  degree  of  saturation,  and 
(a)  mrthnd  of  test  ovalu.i!  icn  . 

If  soil  freezing  occurs,  other  portiricnt  factors  and  param- 
eters must  be  considered.    T  rrjcrjture,  let:-  content,  r^rHal 
freezing  of  the  pore  watui  giviug  i:se  to  jnfrozon  water  or 
incuinpSfti'  frectailr.g,  under  cooling  and  duration  of  freezing, 
number  ot  let;  cryylrtls  lorniud,  <."r irntrtt jcm  cind  size  of  ;ce 
crystals,  jnd  avjllablllty  of  v/jter,  iiru  saini-  ronsld<!rat;oris  . 
little  Is  known  about  the  degree  of  Influence  of  these  factors 
and  their  tela  in  the  detamlnatiam  o*  temen  soil  strength. 

BCPeMMEIRWnON 

tmo  pheses  conetdsred  for  this  study  were:  (a)  Frozen  soil 
strength  detsrmlnetlon«  and  (b)  soil  frees  Ing  factors  infhi- 
encuig  ftceen  soil  strength. 

Far  freeen  sell  strengOi  deienibwtlan«  to  addltlan  to  the 
atandaid  unoonfined  oompreaston  teat,  a  ring  shear  Isst  with 
anlal  restraint  was  need  to  measure  sheerfaig  stnnglh  of 
wtifldally  teaan  eolls  (Pig.  1).  With  thta  type  of  taster.  It 
Is  posalMe  to  plaoe  an  axial  reattalnt  ef  knoaia  asgnltude  on 
the  test  specimen  befora  performing  the  actual  shear  test, 
near  strength  la  maaaumd  in  tacma  ef  a  tfansverse  sheer 
under  predetermined  Initial  axial  restraints  varying  from  sere 
10  240  pel. 

In  almost  all  Instances  In  the  ring  shear  teat,  apaelamn 
daionaatlMi  undar  tranaveree  alhear  eaueed  axial  eloogatlan. 
Mo  atlaaipl  was  made  to  meaeuia  this  eloagattaa;  calher, 
tncraese  hi  axial  iraaaura  eaueed  by  reauinl  ef  ekogatlcn 
was  noted  as  a  function  of  initial  nxUl  oonflnemsnt— to  be 
uaed  In  ewahiatlcn  ef  shear  atrength  characiarlatlea.  Pbr  this 


rig.  1 .  Schamatlo  picture  of  ring  shear  tastsr 


portion  of  the  study,  three  types  of  soil  were  used.  The  grain 
size  distribution  for  soils  (sand,  sUt,  and  clay)  Is  given  in 
Fig.  i  with  pertinent  soil  properties  given  In  Table  I. 
Vdridtirjn  in  density  of  saturated  sand  samples  was 

achieved  by  either  funnehnq  sor.d  Ir.lo  .Atu:rinum  foil-lini-d 
cardboard  cylinders  or  vibratinq  the  prepared  sampl<?s  in  three 
layers.    Density  var  jn'.  j  "  i;  :n:,Q''d  [r.T  133  picf  for  dense  sam- 
ples to  118  i,ci  'or  loost!  .    i;.  allt  and  clay  samples, 
both  kneading  compaction  .ind  rnr,  so  lido  Hon  tirchniquea  wi're 
used.  Consolidated  samples  were  used  solely  in  tho  uncon- 
(i.-.ed  compression  test  series.    For  ar.y  one  compression  or 
shear  last,  a  minimum  number  of  five  Identical  specimens 
ware  uaed. 

Tabla  I.  Piepartles  of  sells  used  fer  study 

Sand:   Apparent  friction  angle  •  37*,  appacanl  eofaeslnn  •  0, 


sp  gr  of  scUdS  "  2.65 

Silt  Clay 

Liquid  hi:iit  29,1  67.0 

Plastic  hinit  17.0  2S.R 
Specific  gravity 

of  solids  2.00  2.73 
Optimum  water  content, 

(standard  compaction)  16.S  ^».b 

Optimum  dry  density  lU.S  pcf  67.8  pcf 

Mlnanl  oonisnt  hi  approdmate 

Chlcrlts  ...  2-3 

Bletlla  ...  10 

Amphlbela  ...  2-3 

Feldspar  20  SO-00 

Quarts  00  2S 
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These  relationships  are  by  no  meaua  new  and  have  been 
reported  (juile  t^xttr-slvely  by  other  investigators  [2,  3,  4], 
As  potntt-d  out  by  Tsylovlch  L3],  tho  total  strength  and  sh*ar 
components  contributing  to  strength  will  inCTeoso  with  a 
decrease  in  temperature.   The  Influence  of  stress  relaxation 
on  strength  properties  has  also  been  noted  L3j  as  a  function 
of  time  rate  of  loading.  Reasons  for  lower  strength  of  clay 
samples  at  higher  temperature  because  of  increased  loading 
rote  are  not  too  well  undorstood.  Observed  compression 
performance  of  clay  samples  at  higher  tcmp'ori^tur*  ahowsd 
considerable  spcclmon  bulging  at  tho  Icwcr  loadtnyntt 
coupled  with  some  elastic  rebound  with  a  load  decrease  or 
release.  Quite  possibly,  Inoomplela  saturation  of  consoli- 
dated sanptoa  conlrlbuted  lo  aany  odiar  factor*  diat  must  taa 
coiwldared. 


MMn  f>oriie»  OanieM'  -mn 
rtg.  I.  Grain  dlatrlbution 


Sr>ll  frci.-zing  Inctors  of  pflm.Hry  Import. ir;i  •■  in  influencing 
frozen  soil  s'ji-'pgth  ccntor'-d  arour.ti  thi'  !i  iUUun  of  unfrozen 
watc-r  in  the  frozi-n  soil-wjter  system.    Measurements  of 
unfrozen  water  '.or  bolh  frozen  clay  and  silt  scimplcs  were  made 
by  the  calorimctiic  mcthcxl.    In  support  of  this,  soil  suction 
experiments  were  performed  by  pressure-membrane  technique. 

RESUUS  AND  OnCUSSION 

BftoauM  of  dw  nature  of  the  mechanism  lavotved  in  die 
beeelng  ■oil-water  ayaten«  It  ta  not  pouible  lo  prawnt 
detailed  results  for  the  numerous  lest  specimens  needed  to 
obtain  a  aenalble  atatlatleal  avarage. 

This  paper  discusses  the  shear  strength  evaluation  of 
froien  soils  and  also  points  out  the  need  lor  an  understanding 
of  pertinent  soil  freezhig  (actors  In  lbs  study  of  ftocen  soil 
stpsngdi « 

Unconflned  Conipresstve  Strength 

rigwes  3  through  S  show  characteristic  curves  for  unconflned 
eootprsssion  tests  en  both  sand  and  clay  sasiples  (rnen  to 
leaipsraiurss  of  -4.1*0  and  -17.t*C.  These  demonscrate 
expected  telatkmshlpa  betivMn  rate  of  strain,  tsJnporalMro, 
and  density.  The  deaignatlan  of  "fast"  for  Uw  unoaoflned 
oomprassion  test  refers  to  a  constant  rate  of  stress  aiipllaa- 
tlon  of  lOM  psl  per  nhwte,  while  the  "slow"  tost  oomsponda 
lo  a  oonsiant  rata  of  stress  appltcstion  of  200  psl  per  minute. 


White  hshavlar  of  arttflclaUy  bosen  soil  samplaa  i 
uncenfMed  oompnsslen  any  be  explained  In  terma  of  behavior 
of  bidlvldual  shear  stiongth  parameiers,  the  nature  o(  Infhi- 
ence  of  soil  fireesing  (fecters  oonirtbuting  directly  to  paranetrle 
bahavlar  and,  subae^uently.  to  frozen  soil  snngth  laswUts 
unknown  and  Indistinct.  Based  upon  test  results  and  support 
of  previous  studies.  It  appears  feaalble  to  msasura  unconflned 
compressive  strength  as  a  function  of  temperature,  tine  rate 
of  loading,  and  such  soil  properties  as  void  ratio,  density, 
etc.,  and  to  report  these  as  ultimaie  variations  of  parameters 
such  as  cohesion  and  friction.  However,  this  presupposes 
that  these  parameters  are  separable  as  far  as  individual 
strength  contribution  Is  concerrted. 

It  was  found,  based  upon  numerous  unconflned  compression 
[eats  on  sand  and  clay  samples,  that  the  scatter  of  results 
trnuld  be  attributed  lo  nonreproduclblllty  of  particle  orientation 
or  specific  ice  formation  in  soil  pon-L;  .    In  :>rdiT  to  arrive  at  a 
sensible  strength  relationship  with  prescrli:ed  factors,  it  was 
necessary  to  conduct  tests  on  no  less  than  five  samples  for 
anyone  spt'cifsc  condition.   Based  on  this  performance  char- 
acterisiic,  ;i  1j'  v  iines  evident  that  inotL-  if.in'.jon  should  tie 
givon  to  an  understanding  ot  soil  ireezlng  factors  as  they 
affect  firoeen  aell  strength. 


to  gaUi  Airther  bisight  Into  faetors  afieetlng  irosen  soil 
strength.  It  was  felt  that  infomatlon  gainad  by  absarvlng 
specimen  behavior  under  soma  variable  nornnl  pressure  would 
be  of  use  In  exptoining  shear  strength  variation  with  certain 
sell  properties.  In  Ftg.  i,  shesr  sbengtb  variation  Is  given 
as  a  fiinctlon  of  both  teapentm  and  Initial  water  oonient. 
No  attsmpt  is  made  bi  thu  particular  grapb  to  distinguish 
between  ice  ccntant  and  unfrozen  water  oontenl.  General 
behavior  of  frceen  clay  soils  la  aueh  that  at  i 
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rigs.  3,4,  and  i.  Unconiined  compression  tests 
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bayond  the  optlanim  water  content,  firosen  aoll  abear  alienvOi 
decreases  with  Increasing  Initial  molding  water  content.  TTiSs 
behavior  Is  not  Inconsistent  since  there  will  eventually  be  an 
asymptotic  loe  strength  estabUshed  for  that  portleutar  lest 
temperature. 

For  axial  confinement  and  shear  suength  variation,  it  is 
possible  to  obtain  relationships  for  suength  dependency  on 
both  mmal  >ind  final  axlaj  cor.flnenietit .   Fig.  7  showa  gifneiiil 
relailonshlj.s  in  tstms  oi  axlai  iJt>:3surf  ti^aliiC!.-!  at  th(;  t.»iiit 
of  shi^iir  (ii:lur<'.    It  i:-  rfT,;.iu.i    ii   Inif-r  from  thojr  tin  <.![  'Ta- 
tlvc  friction  ongle  for  Ir.e  :n,j tcrij  13;  howi'vcr,  it  is  not  [,-os- 
slble  to  compreh'; ir.c-  •■r.ilit  s Iqi; lilrancre  of  this  ^ rii.ini:' ter . 
AlUlough  thf  radltii  cit'.sU(1|:-I  i.-h:-i  -.rr!  on  test  S[:H'[,-init--n3 
ten  h;  1  1  doilray  thr  rationality    1  ■hi:  ■'  3'.,  the  rt'lationshit-s 
derived  show  a  rcasonubK-  trcnu  l^i'iwtcn  normal  pressure  and 
shear  stre-gth . 

From  previous  investigations  and  oliservatlon  at  sp-i-cimen 
behavior  [i,  S,  6j.  It  is  apparent  that  Ice  content  ar.d  u.-ifrozer. 
water  t;ontt:ril  should  also  bo  considered  in  the  ev  ilii.ilion  ol 
strength  of  the  frozen  soil -water  system.   It  would  seem  that 
the  greater  the  cjuantUy  of  water  rem,iininq  unfrozen,  the 
lower  would  be  the  strength  of  the  partially  frozen  soil. 
Unfortunately,  this  relationship  cann  ■  be  simply  described 
in  those  terrr.s  .   Without  paying  heed  t<:  the  porcentagc  of 
water  remaining  unfrozen,  and  considering  unfrozen  water 
content  as  the  ratio  of  weight  of  unfrozen  wat-:-r  to  that  of  the 
solid  mineral  particles,  it  is  posgit>lc  to  relate  increasing 
strength  with  increasing  unfiozt  n  w  a  .-  content.  The  relation- 
ship was  observed  in  this  study.   Pursued  further,  it  becomes 
obvious  that  ctfier  fundamental  factors  have  been  overlooked. 
Unexplained  is  the  development  cf  unfrozen  water  m  a  partially 
Iroion  soli,  such  as  Inlerparticle  action  and  double  layer 
water.  A  study  should       made  tfj  establish  these  factors  and 
how  they  individually  aiiect  the  final  demonstrated  result. 

Another  approach  would  b<'  to  use  a  measure  that  Incorpo- 
rates most  or  all  of  the  [actors  into  an  observable  or  measur- 
able quantity.  For  this,  the  soil  suction  capacity  or  moisture 
potential  seena  a  usehil  and  adequate  facrtor  to  describe  the 
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Temptrotur*  *C 
ftg.  10.  Tamparatura  and  unfroien  watar  oontant 


Mnu  <a  lorn  GRotant  la  not  daMMtratad  vaqr  elaarly.  Bands 
ia  Fig.  11  Inekida  aliengdi  datanainatloM  ai  MBparatma  e( 
from  -S*  to  -20*C .  Diaparilon  of  sttangih  aa  a  funetiaa  of 
mnparaura  li  graatar  with  saro  axial  eonttnaoMnt,  aad  gata 
pragraaalvaly  laaaar  with  Incraaalng  axial  oanfliiaaMnt,  Many 
taciura  taivplvad  In  tho  davalopinent  of  uniros«n  water*  how- 
aivar,  oould  ba  baportant  In  thia  typ*  o(  rtlatlanaUp  and  eould 
vndDulMadly  obaeMfa  othar  acm  ftmdanaatal  laeiara  tueh  aa 
lea  and  aoil  parttola  tttataottea.  It  ia  aionlfleant  that 
incraaainv  tea  oontant  rsauka  la  highar  sbaar  strengths.  Ihla 
trand  waa  shown  In  rig.  6  and  In  unoonflned  comprassion  tnata 
conducted  by  other  Investigators  [9] .  A  peak  shear  atrength 
must  be  expected  (rtg.  6)  with  Increasing  ice  oontant.  which 
must  be  followed  by  a  subsequant  decrease  in  SDrangth.  Taata 
conducted  to  date  have  not  shown  this  as  yet;  however,  thIa 
phenomenon  must  be  cxpoctod. 

In  rigs.  12  ar.ii  13,  tr.cre.isc  In  ^xial  confincrncrit  ^rom 
restraLr.i  nt  sjji-cl.T.L^r.  !•  long.b; Ion  undrr  tr..ins'.'<-rs<.-  jhoar  il 
examined.    Brt-.ius''  o!  '.hi;  'jcottorintj  cf  r'-sults,  these  are 
best  intcrpreirri  .55  trnnds  rjthur  Ltijn  exact  relatioriships . 
These  trends  are  wt: ,'.  dr.'lim.'d  .5nri  [jim:!  oijs^rvatlo:-. 5  on  ihu 
relationship  bctweer  axiol  pni-isurv  inc-cvise  and  0rlgir.1l 
water  or  ice  content.    Further  study  13  needed  to  'rlarlly  these 
trends.   There  Is,  however,  a  slgnU'icant  relatior.shlp  aniong 
such  (actors  as  ice  and  water  content,  axial  restraint  and 
axial  pressure  Increase,  and  [lem;:ii;;tiat<!d  .'.hear  sLrersgth. 
While  there  is  an  obvious  increase  in  axial  pressure  due  to 
Increasing  ice  or  original  water  content,  this  relationship 
must  also  depend  upon  soil  type,  density,  and  rate  of  shear 
application  in  its  description  of  ice  and  soil  particle  interac- 
tion.  In  its  present  form,  frozen  soil  deformation  under  shear 
depends  quite  critically  not  only  on  density  and  ice  content, 
but  also  on  the  degree  of  initial  saturation.   Both  Figs.  12 
and  13  show  that  the  Increase  In  axial  pressure  is  reduced  if 
ice  content  is  lowered — corresponding  to  a  low  Initial  satura- 
tion. Expansion  or  volume  change  induced  by  tranavaraa 
abaar  application  will  result  in  increased  axial  pratatira  If 
Otan  la  auflicicnt  restraint.  With  air  voids,  however, 
laatraint  la  reduoed.  and  raauliani  axial  alongatkm  la 
dacraaaad.  local  aialttag  of  lea  at  praaanra  oontact  polnta 


relationship  between  unfrozen  water  and  temperature  lor  any 
one  particular  density  or  configuration.  Much  of  the  same 
forces  are  active  in  both  soil  suction  and  development  of 
unfrozen  water  in  partially  frozen  soils.  In  rigs.  8  and  9,  ixith 
lha  dasorptior  r-inw  frjf  tho  roarsf  silt  (rictlon  and  the  soil 
auction  curves  for  the  cl.3y  .Dnd  silt  3rc  shown.    Those  may  bo 
uaed  with  Tig.  10,  which  shows  the  results  of  unfrozen  water 
determinations  expraaaed  In  terns  of  unfrozen  water  contmt 
and  ralatad  to  tamparsiure  (or  varying  danaltlas.  It  is  impor- 
tant to  note  that  the  quantity  of  watar  ranalnlng  unfrozen  at 
any  one  temperature  Is  dapandant  on  whether  the  test  speci- 
mens are  frozen  to  the  taat  laaparature  or  undorcooled  and 
aubsequently  raised  to  isat  taovwratwaa  [(,  7J.  Curvea  In 
Fig.  10  Mpmaiit  awecaga  unfttwait  watar  eomant  for  a  anrlaa 
of  taat  apaelmana  traaan  lo  tha  taat  taiifaratura  and  for  others 
undaraoolad  2*C  dMH  laalad  at  tha  aana  taat  laBporatura . 
Dapanding  on  Initial  wamr  oontant,  taat  taaiparatHM,  and  aoll 
typa.  Dm  undareoollng  afteet  oovid  faawit  In  a  daoMaa  of 
unfroaan  waiar  eoniant  of  from  lOK  to  49X .  Thaaa  unftoaon 
walar  and  lanparaiuM  ralattenihtpa  ara  axplalnad  in  graalar 
datall  by  Marlynov  C8]}  hewavar.  aany  of  lha  faetera  oon- 
aldarad  prabably  ean  ba  ada^ataly  aeoeuniad  iar  by  ualng 
iba  otolanire  polantlal  ralatlonahlpa. 

With  tha  naulta  of  laata  on  unfman  watar.  It  la  poaalbla 
10  eoaiputa  total  lea  eoaiaflt^iiiiiiUng  that  tha  diffaranea 
batwaan  unfroaan  waiar  eaataat  and  Mttlal  watar  oontant  la 
dia  raaultani  loa  oontant  of  lha  partially  firoaan  aofl  aaiapla. 
IniarpMtaUion  of  naulu  of  tha  ring  abaar  taat  hi  larma  of  lea 
oonient  la  totataattaig  baoauaa  It  la  poaalbla  to  darlva  a  rala- 
Honahlp  between  Incmslng  loa  oontant  and  abaar  strength 
wlia  abnilar  to  that  tor  tho  unconfinad  ooiapraaaion  taat  17} . 
Highar  atrangtha  ara  obtalnad  with  graatar  Initial  axial  een- 
flnaiBonti,  Effact  of  taagwratiim  on  ahaar  amngth  vlaiMd  in 
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will  alto  raduM  total  voluna  tlhmf  bocauao  of  Biibi*«uant 
dtaplaoaaMAl    owU  water  Into  air  spaoas. 

coNcnrsioN 

ItosultB  presented  show  that  problems  assoclaced  with  soil 
freezing  are  significant  and  materially  affect  frozen  soil 
strength.  Although  It  may  be  possible  to  ubtdln  compr«stlva 
and  shear  strengths  of  frozen  soil,  it  U  not  possible  to 
describe  i-:jnif: Icif  Jy  (-iclors  or  .T.fchonlsm  involved.  Inter- 
partlclc  fc.rcoj  charjctoriz Ir.g  soil  sucUcn  are  also  believed 
',o  b*;  .3C11V0  m  the  deve lopTiCnl  of  unfrozen  wate.^;  LTils  plays 
an  Important  role  In  ultimate  manifestation  of  frozen  soU 
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REDUCTION  OF  FROST-HEAVE  BY  SURCHARGE  LOADING 

GEORGE  W.  AITXEN,  U.S.  Anny  Cold  Regions  Research  and  Engineering  Laboratory 


Results  are  presented  from  a  current  Study  avaluaUng  the  affect 

of  surcharge  loading  on  reduction  of  frost^eave  in  a  permafrost 
area.  PltOd  loto  won-  obtained  from  a  test  installation  con- 
structed dt  tho  AlosV.i  ricld  Station  (APS  of  the  U.S.  Army 
Cold  Regions  Research  incl  i:rig)n'M-:lng      l«r,itory.  (CRREU,  at 
Pairbanks,  Alaska.    Laboratory  tests  (conducted  at  the  ionner 
Arctic  Construction  ^nd  Frost  Effacta  LabomMiy,  now  a  part 

of  CRREIJ  supplied  other  data. 

Both  field  and  tatoratory  c^.ta  show  .i  marked  reduction  in 
the  host-heave  of  a  finc-yulnciJ  &oll  with  mcrcjsi;  m  sur- 
charge pressure.    Results  also  indicate  a  defir.ue  relritionship 
between  surcharge  pressure  and  rate  of  frost-heave  when  the 
isia  of  hoBvo  la  piepaitlonal  to  tha  rata  of  ftoat  panatratlan. 

8RE  OQNDIIIOIIS 

Tha  Alaaka  Flald  Station  la  loeatad  about  thioa  aillaa  nerthaaat 


of  Falrbanka.  which  has  a  mean  annual  temparature  of  about 
ZS't  and  a  mean  annual  precipitauon  of  about  12  in. .  includ- 
ing a  mean  annual  snowfall  of  about  40  in.    The  average 
freezing  and  thawlivg  indexes  for  the  years  19S2  through  1962 
were  5600  and  3300  de-gri'i-- :l..iys.  respectively. 

The  surcharge  test  inLit.^ll jtion  was  built  In  on  undisturbed 
section  having  relatively  dense  gross  that  grows  to  a  height  of 
about  2  ft  during  the  suxxer  (Fig.  '.].   The  ground  surface  has  a 
gentle  east  to  west  slope  with  essentially  uniforn  surfric-^  -■]'- 
vatjnns  in  the  north-  south  dlrecfion.    A  alight  natural  groarid 
depression  extendea  throu-gh  fhn  site       .ir.  e^^t-wef.t  direction 
located  about  75  ft  from  the  sojth  ena  ol  the  teiit  sections. 
This  depression  -?vi  :-  ritly  served  as  a  na;'.^rfll  draina'^e 
channel,  for  during  construction  the  soil  here  appeared 

substantially  wettof  and  aoftor  than  adtaeant  avaaa  to  tha 
north  and  south. 

Slit  eontatning  daeaylng  organic  matlar  In  layara  and 
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pockots  undetlios  the-  nr>;o .  making  constructior.  (..jrticul^rly 
d.fficull.    Thr  averjgc  seasonol  frost  penetration  was  about 
5  ft  jnd  permafrost  cxistea  at  about  7  ft  beneath  the  last  site 
prior  to  construction-  A  lane  of  steel-piorced  picnic  was 
placed  completely  around  the  stripping  limits  to  protect  the 
existing  surface  cover  before  construction  begsn.    Drill  rigs 
Were  the  only  eLtulpment  used  on  the  are4  comprising  the 
control  and  natural  giound  •ectlons;  th«y  were  lifted  onto  the 
areas  by  a  crane  to  ntniinlse  furface  dittuibanea. 


TEST  mmLUTlON  CONSTRUCTION 

Construcuon  began  In  lato  AnguM  IMO  with  the  Intention  of 
completing  the  base  course  And  concrete  placemani  prior  to 
freezeup.  Initially.  12  to  18  in.  of  surfoc*  material  was 
stripped  liom  the  116  by  25  (t  oroo  comprising  test  saetlOM 
of  2.  4,  S.  and  8  psl.   Heavy  ralniall  (that  for  I960  was  tha 
highest  for  Saptamber  since  192S)  made  It  Impossible  to 
operate  heavy  equipment  on  the  stripped  area.   As  a  base 
for  the  mncrete.  6  m.  of  sand  followed  by  12  In.  of  gravel 
Was  placed  on  the  sill  subgrade.  Final  grading  was  not 
completed  until  the  end  of  September. 

It  was  neoessary  to  enclose  and  haat  the  gravol  baaa  ana 
to  prevent  lb*  gravel  from  freeslng  and  to  pravida  protection 
for  the  fresh  eonerste.  A  wood-framed,  pelyethylono-sheatbad 
shelter  was  oonstrticted  over  the  baa*  eoura*  and  a  slnola 
Heiman'-Nelaon'typo  healar  was  ttsod  to  kaop  the  baao 
courae  Area  of  float.  A  aaeoiMJ  beaior  waa  needed  in  mid- 
October  10  maintain  suitable  twnperatures  for  eonerste 
curing.  Pour  nam  slabs  of  2$  by  2$  ft  aoperatiad  by  thioe 
tianaltlon  slabs  of  6  by  3S  ft  were  oonslruetod.  All  slabs  were 
6  in.  thick  and  relntoreed  with  welded  wire  mash;  main  slabs 
were  separated  from  tranaiuon  slabs  by  a  I  in.  premolded  iomt 
material  frig.  1). 


INSTRUMENIAIION 

Instrumentatlan  monilorod  ground  temperatttfea  u«lar  and 
adjacent  to  the  test  sections ,  verUcal  movement  of  the  con- 
crete-surf.io-d  sections  and  the  adjacent  unaurfaeed  eoiitral 
and  natural  grour.d  sections,  and  groundwater  elevation  at  fho 
test  site  (rig.  3) .  Each  assembly  (Fig.  3}  consisted  of  24 
copper  eonstantan  thenaooouples  unlfennly  spaced  from  tiio 
gnynd  or  pavwaent  surface  to  a  maximum  depth  of  24  ft.  Data 
torn  diMo  eaaemblles  were  obtained  using  a  portable 
piraclalen  millivolt  potentiometer  with  an  loa-bath  reference 
Junction. 

Veitleal  ncivaBwit  data  were  oblalnad  from  pavemeiiit-heavo 
and  vertical •  moveswtM  gages  (Fig.  4).  Pavement-heave  gagea 
wrere  Installed  in  the  spring  of  19(1  through  opeitiiiga  one  ft 
square  left  in  the  oonerete  slabs  feir  this  purpose.  Steel 
couplings  for  the  gagos  weie  grouted  in  place,  the  grout  bolno 
bonded  to  existing  concrete  with  an  apetcy  resin.  The  1 . 35  In. 
referanea  rod  and  2.5  in.  coupling  exleitsien  for  the  center 
gage  on  the  4.  6,  and  9  ]>si  sections  wen  sleeved  up  Ouough 
the  load  boxes  and  were  eeeesalbile  from  the  top  of  the  boxes. 
The  heave  gagos  wen  obaenred,  using  a  Biaeblnlst*s  depth 
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Fig.  3.  iMtnuMMstlen  toyout 


gage  to  roeasuic  the  dlKmnc*  in  •lavatien  batwaan  the  inn  r 
rafarance  rod.  which  aaivat  as  a  benchnaifc,  and  tha  Maei 
eeupling  embedded  in  the  concrete.  The  venleal-mevement 
gages  in  the  platform-covered  control  section  were  observed 
by  mc<?suring  tho  displacement  bef/zeen  the  gage  reference 
rod  and  steal  angles  attached  to  the  platform  over  each  refer- 
anea  fed>  All  Odier  vertical  movement  gages  had  steel  frames 
resting  on  the  ground  surface  designed  so  that  dlsplocamant 
measurements  could  be  easily  obtained  between  the  referanoa 
rods  and  tha  adjaeant  (mnaa  with  a  depth  gaga.  Thaae  gages 
hava  partemad  aiwallantly  to  data. 

Two  giDund^atar  walli  yum  tnatallad  CFlg.  3}  to  epproxi- 
mataly  16  ft  balow  tiia  groyad  aurfaea.  Giound-watar  obaar* 
vatiens  ware  obtained  in  these  walla  using  an  electric  watar 
laval  indioattr. 

OBSRVATION  SCHEDULE 

Ragwiar  wwakly  ettaaivatioai  hava  faaan  mada  on  all  giound 
tanparatuM  aasanbUas  and  heava  gagaa  alaea  installauen. 
OapOi  of  giound  watar  la  nMaaurad  Uwaakly  during  Iha  thaw- 
ing floaBOn  and  waakly  during  tha  period  Immediately  pie- 
eadtng  Iraaietip*  Level  obf  aivatlona  aie  conducted  nion&Iy 
on  all  haavo^aga  reiarence  loda  and  two  vertical  novenant 
points  inatallad  adjaoant  to  the  ground^watar  wells.  Fieat 
and  parmaboat  probiiigs  and  other  apeeial  obeatvatlons  are 
i  ea  raquUed  during  tha  test  period. 
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Fig.  4.  Heave  gage  details 
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Loading  cinvvs.  S  psl  secUon 

SOIL  DATA 

ConUnuous  sot]  samples  w«re  obtained  to  24  ft  beneath  the 
etnwrof  tho  control  section,  the  2  to  4  ^nd  6  to  8  psl  tran- 
sition sections  prior  to  construction.  Fig.  &  shows  the  soil 
log  (or  the  boring  mado  under  the  6  to  •  pal  transition  section 
together  with  related  soli  test  data. 

LOAD  BOX  CONSTRDCnON  AND  LOADING 

Oon*tracti<ni  Of  homa  fcir  loads  on  the  2>  4, 6.  and  8  pal 
aactlona  and  Urn  transttliw  and  eonuo)  aaetlon  platform 
(Fig.  2)  took  bom  mid- April  to  ntd-Mair.        ■  The  boatoa 
remalnad  ampty  during  the  aunaiar.  while  loading  stanad  In 
•ady  Auguat  after  all  saaaonal  siilMldanea  of  tho  eoneMta 
Blabs  had  oeoumd.  The  duelad  load  taoKaa  pravMod  air 
clrcuUtlon  for  a  more  unifona  fiost  penetration  beneath  the 
teat  aectiona. 

The  16  in.  base  course  and  6  In.  ooncrete  slab  of  the  2  psl 
section  placed  a  load  of  about  2  psi  on  the  subgiade  soil,  so 
that  no  addittonal  stneharge  load  was  required  on  this  section. 
Surcharge  load  for  sections  4.6.  and  8  pat  was  obtained  by 
filling  the  load  boxaa  with  gravel.  Qraval  aiolature  oonlwnt 
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Fig.  ».  Longitudinal  hoavo  pfoflla,  1980  to  1981 
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Fig.  11.  Eilect  ol  6  p«i  uansition  secuon  in  reduction  of 


Fig.  12.  Hwvv-UiM  eulVM,  1962  to  19M  fraailnff  •wwn 
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end  denilty  wen  olotely  oontiolled.  and  the  boxes  wero 

i  after  loading  to  prevent  any  large  chanties  m  molstuia 
1  Of  the  fill.   A  maximum  load  of  2  psl  was  Added  each 
unUltlie  design  loedlngs  of  8.  6.  and  4  psl  had  been 
obtained.  All  Instrumentation  was  frequently  obseived  during 
the  loading  period. 


PERFORMiUICS  DURINO  UlADWG  PERIOD 

Tigs.  6  and  7  pr>-L;i-nt  the  vertical  movcmcrvt  during  the  loading 
pono:i  fm  the  6  .im!  H  jisi  secUonB.  showing  that  tho  slabs 
assunod  3  Blujhtly  r;ishod  shape  ■jpcn  application  fif  load. 
Average  sottloTient  of  the  4  and  H  psi  sections  during  the  load- 
ing porinri  v/as  abov.1  as  expected;  the  6  psl  section,  because 
of  the  natural  arainage  channel,  however,  exhibited  slightly 
Treater  settlerr.tjnt  than  was  anticipated.    No  protU'rf.j.  .vare 
encountered  during  the  loodirtg  period,  and  all  irKUumcntatlon 
perfonned  settafeeiortly. 

PEMFOIIMANCB  DUMMG  19N  TO  I««  PltBSZIHG  SIMON 

As  mi-ntior.cJ,  thr?  sard  and  gravel  fc^asc  course  and  concrete 
slab  place  a  toad  cf  atxiut  2  psl  on  the  silt  subgrade.  Note 
the  Interesting  vertical  novenent  data  obtained  cunr.<3  the 
1960  to  .461  freezing  season  to  see  hov,-  the  sections  per- 
formed Lnder  an  e:;ual  2  psl  load.    Flg.s.  8  ana  '3  prar,ft:,t 
pertinent  data  for  the  1960  10  1961  lioczlng  Both  the 

2  and  8  pn  slabs  exhibited  a  .-dightly  guMiter  hc.ive  than 
4  .-ind  6  pMl  slflhs.  due  prlm.iiliy  to  the  cdgo  effect  ::n  the 
ends  o!  the  Zand  8  (-si  sections  ll'ig.  9).    Vertical  movenent 
d.it.j  l«r  the  1060  to  1361  frcezinc;  season  were  obtained  by 
avcray:r,<j  level  observations  taicen  on  the  corners  of  each 
slab,  as  the  pavement-heave  gages  were  not  operative.  Data 
from  the  natural  ground  section  were  obtained  by  averaging 
the  four  corner  vertical  move.Tient  gage  reaalrigs .    The  data 
show  that  a  considerable  reduction  in  total  heave,  up  to  50% 
for  the  i  and  6  psi  sections,  was  obtained  with  only  a  2  psl 
surcharge  on  the  sulxji.'.de  :;oU. 

The  condition  of  the  concrete  after  this  first  freesing 
season  was  excellent,  with  only  lelmr  endtlng  en  one  cener 

of  the  6  psl  slab. 
PERfORM;j<CE  1961  TO  1963 

The  1961  to  1962  freezing  season  was  slightly  colder  than 
average  with  a  freezing  index  of  about  5900  degree-days  r. 
This  was  the  first  freezing  season  for  the  test  sections  urvder 
design  load.    Fig.  10  shows  the  vertical  movement  of  test 
sectlorfs  during  the  period  from  October  1961  to  March  1962. 
The  2  psl  section  heaved  about  30%  less  than  the  natural 
ground  and  control  sections:  this  was  also  the  case  m  the 
1960  to  1961  season.   The  4  psl  .section  showed  a  30%  reduc- 
tion in  heave  when  compared  to  the  2  psi  section,  end  over- ail 
venteal  movement  of  about  W%  lest  tlian  the  nettinl  «iound 
and  control  sections. 

Vertical  movenent  of  the  6  and  8  psl  sections  during  this 
period  was  almost  identical  because:  (1)  Influence  of  edge 
affect  on  the  south  end  of  the  8  psi  section  results  in  a  high 
average  heave  for  thi  s  section;  (2)  performance  of  the  6  pel 
section  during  the  loading  period  and  the  Wetter-then-evemge 
subgrade  conditions  under  this  section  suggests  that  some 
additional  eubgrede  settlement  occurred  during  the  early  part 
of  the  freezing  season:  and  (3)  temperature  data  show  less 
frost  penetration  beneath  the  6  psi  section  then  under  the 
s  PSI  sections  (possibly  in  port  due  to  differeneea  in  subgrade 
n:^isture  conditions  beneath  them). 

An  additional  6  psl  section  (Tig.  2)  was  constructed  adja- 
cent to  the  8  psl  section  In  late  summer  1962  to  minimize  the 
edge  effect  on  the  south  end  of  the  B  psi  section.  This  edge 
effect  has  complicated  analysis  of  tho  vertical  movement  deta 
as  mentioned  before.   Fig.  1 1  shows  tho  effect  of  the  new 
section  in  reducing  edge  effect.    The  outside  (northj  edge  of 
the  2  psl  section  heaved  about  25%  more  than  the  inside  edge 
In  both  the  1961  to  1962  and  1962  to  1363  seasons-  The  heave 
of  the  outside  (south)  edge  of  the  S  psi  section,  with  reletton 
to  the  Inside  edge,  was  materially  reduced  during  the  1962  to 
1963  season,  Indicating  the  effectiveness  of  the  new  6  psl 
transition  section. 

Fig.  12  presents  the  heave-time  curves  for  the  1962  to  1963 
ftoecing  leaeon.  The  vectieel  leovement  for  all  test  sections 
during  this  season  was  less  than  the  preceding  year.  The 
ratee  of  heeve  obeeived.  however,  ware  quite  similar  for  both 
yeora  through  the  end  of  Deeember.  This  lelationehip  might 
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Pi9'>  U.  Frost  penetratum  1962  to  1963  fraealiv  aeaaoii 


have  bald  fnr  <  lonijr-r  ii.Tiod  except  that  January  1963  was  tha 
wariMSt  Janiiary  in  ?b  years  at  Fakbanks.  tkgs  stowing  (rast 
IMnstratlon  beneath  the  test  soctlons.  A  more  datallad 
analysis  of  the  rata  of  heaw  versus  surcharga  is  prasantad 
later. 


VBfmCAL  MOVEMCNT  DATA 

Ihis  analysis  attempts  to  formulate  a  relationship  to  anabla 

the  airfield  and  highway  designer  to  determine  the  reduction 

In  seasonal  frost-hcavp  resulting  from  the  surcharge  load 

ImpONt'd  on  the:  <;i.t>]tride  by  ,-i  nonfrost  susceptible  base 
caut:-,f  fill-    Closf  oxomir.rttion  of  the  vertical  movement 
versus  time  r.jrvi",.  (Tig?;.  10  ,uid  12)  shows  tk.il  the  vertical 
movcm.-nt  of  .\ll  S'-rtions  iti  iv'jricniijlly  Ilno.ir  with  respert 
tn  tim-         ■  u-r.-ihli:  (r.irtion  o(  thi-  (ri-i:.l-hi^.ivi>  cycle. 

Therefore,  Jdrimj  :his  portion  o(  the  heave  cycle,  the  vertical 
movement  can  also  be  related  to  the  surcharge  pressure  using 


where  R  la  the  rate  of  heave  In  mm/day,      is  the  surcharge 
load  in  psl.  and  a  and  bare  empirically  determined  constants. 
Pig.  13  presents  some  ouives  obtained  using  this  approach. 
Laboratory  data  (or  this  figure  were  obtained  from  undisturbed 
soil  samples  placed  in  cylinders  of  6  by  6  in.  Samples  were 
ftoien  ftem  the  top  <lown  at  a  rate  of  o .  2S  in.  per  day  in  a 
spactolly  designed  freeslng  rablnet  [  1  ] .  Surcharge  weights 
were  placed  on  the  semples  to  e  maximum  of  6  psl.  The 
steeper  slope  of  the  laboratory  curve  indicates  that  an  uin> 
Uailted  supply  of  bee  water  was  avallaUa  at  ibe  beeslng 
face  In  the  laboratory  specimens  which,  of  course.  Is  lacking 
In  the  field. 

In  Fig.  13.  (he  inerease  tn  surehaige  pressure  at  the  frees- 
lng face  due  lo  inerease  in  frosen  overburden  is  nsgleeted. 
because  it  is  a  constant  for  each  pressure  at  any  given  time* 
An  expression  including  this  factor  as  well  as  one  •ncesnpsss' 
Ing  the  enui*  heave  cycle  could  be  developed,  although  the 
eoflqplSKlly  of  the  latter  expression  would  limits  Its  design 
usefulness. 

The  linearity  of  the  boat  penetration  curves  for  the  1962  to 
1963  freeslng  season  (Fig.  l4  suggested  anoUier  solution.  If 
frost  penetration  Is  essentially  linear,  the  relation  between 
heave  and  penetration  for  various  surcharges  is  as  shomi  on 
Fig.  IS.  This  relatlenship  may  possibly  be  a  special  ease:  a 
store  detoiled  investigation  In  this  area  Is  necessary  before  It 
could  be  used  for  design. 
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CONCLUSIONS 


Saaaonal  bost^eave  of  finegrained  aoUs  In  a  permafrost  aree 
may  be  reduced  TOnsiderably  by  nominal  surcharge  loads. 

Field  and  laboratory  data  avallaUo  Indleale  a  definite  rela- 
tion between  ftost^teave  rate  and  surcharge  pressure  on  the 
subgrade,  when  &ast.heave  Is  essentially  linear  with  tlSM. 
Data  also  shovir  the  postibility  o(  developing  lelatiOAshlps 
between  heave,  frost  penetration,  and  surcharge  prsssurs. 

With  addiuonal  field  and  laboratory  data  It  srtll  be  possible 
to  develop  design  criteria  sultabia  for  airfield  and  highway 
engineers.  These  criteria  will  assist  the  designer  in  his 
selection  of  optimum  nonfrost- suacaptllde  base  course 
UdOlcness  to  assure  reliable  pavement  perfomance. 
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Whm  using  jpenwIrMt  •»  fMndattena  or  aa  «  nttdluni  far  con- 
atnietien,  an  MOtnaar  •neouittari  a  paeullar  natarlal .  It  has 
no  quallttea  oommoo  ta  oriiar  aiaeariala.  and  la  so  easily 
aftactad  bam  Iha  outalda  that  avan  ainor  diangaa  tn  the  value, 
diaracler,  and  tlaw  of  eflaet  td  tha  axtamal  faetora  Intarfara 
with  tha  naehaiUeal  pippartina  of  dm  natarlal. 

It  la  vary  important  to  know,  thaielora,  what  changes  of  tha 
owaianlcal  iropartlaa  of  fcoMn  soils  ahould  ha  taken  into 
oonaldaratlen  wtolto  aiafcln«  oalculatioaa  for  foundationa  of 
atnicturaa  to  ba  built  en  frosan  soils «  undaigraund  oomaunl- 
oationa  Ui  froaan  aolla.  etc<  It  Is  taiiartant  to  find  out  what 
auy  laault  fram  thaaa  ehaoaaa;  that  ls«  to  astabltah  ■athoda 
of  datanalnhio  daalQn  diaraotarlatlea  of  frosan  aolla  that 
oonaldar  thair  Instability. 

It  la  naceasary  to  aatlaiats  bafniataand  tto  affect  of  changaa 
hi  tha  baarhig  capacity  of  Irona  soils  in  anglnaarbig  praetica, 
and  tha  aaxunun  value  of  thla  change  i  nonunHorailty  of  dafor- 
OMtion  of  a  fMaan  aoil  mass  in  depth,  and  odier  eharactarta- 
tles  of  tha  Heciianlcal  fropertlaa  of  froaan  aolla .  PoUowIng 
ara  dw  awln  charactarlatlcat  Strength  ebaraelanatlca,  auch 
aa  tha  ulthaato  eonttauoua  laalatanoa  to  oompraaalDa  and 
ahaar,  and  dafbnnatlon  aiodull  In  the  ftoaen  and  tbawsd  states. 


CAUSES  OF  INSTABIUTY 

Mechanical  properti'^s  oi  (rozen  and  thawing  soils  depend  upon 
dialr  intaraal  Inu  rparticic  bonda,  aueh  aa  alecmnelaoular, 

acrueocolloldal,  ond  icc-ccir.cniaiional. 

Tiv  n:-:^!        .irr.-.r.i  );ri  i)ii-r  I  les  for  Iroiton  soils  With  thell 
ncqativ.-  or      ro  toTi|;>  r._iture  (In  which  even  d  part  ot  the  water 
IS  troz'jn  L  1  J  jre       -ctmentatlor.  bonds  because  thoy  ari?  tho 
stiongc'St  and  most  easUy  chanved.  The  mechanical  properties 
of  frozen  soils  depend  mainly  on  the  nusriiar  and  propartlaa  of 
these  bonds . 

The  .Tiost  inip'.if t.i.it  i  tupertles  for  ihawlng  soil/,  nto  the 
process  ol  desu-ctiu:.  uf  the  Ice -cementatlor!  tomlj  (v,liu:li 
controls  the  jump-tyni-  2ha..ge5  r.!  :h>'U  ^01  3Ky  whon 
thawing)  [2] ,  dnd  the-  values  ol  (hv  anucocoUolddl  and  clvc- 
tromoi<;cuiar  bonds,  which  Change  during  thawing  and  In 
further  consolidation. 

Ice-cementation  bonds  arc  rather  sensitive  to  external 
changes  and  thus  interfere  with  the  n-.echanlcal  pioporties 
of  frozen  soils  and  permafrost. 

The  causes  of  tht?  Iristabilliy  of  the  mt-'chanlcal  properties 
111  fr  izon  soils  are  both  qudntttatlvu  chdngus  in  content  of 
poro  !cc  and  unfrozen  water  In  frozen  soils,  and  qualitative 
changes  of  ground  ice  u-CLr  extcrr.al  Influences. 

Direct  experiments  show  {Souyoucos,  1916;  Beskov,  !93S; 
Vung  ,  1934;  Andritinov,  1936;  and  Tsytovlch  and  N^ii.t  a  ; ,  1 . 
l94n-53,  etc.,  I'i-yl)  ih.i!  frozen  soils,  as  well  a*  ptirma - 
frost,   ■.Iways  contot.-.  jr  jmuur.t  (pcrhops  InSlgnlf loanO ■  ©f 
unfrozen  water  together  with  ice  [  1  ]  . 

According  to  the  principle  of  dynamic  equilibrium  of 
unfrozen  wati-r  <ind  tee  In  frozen  soils  formulated  by  the 
author  L  I  ,  8^  the  -imount  ol  unfrozc?n  wdlcr  is  not  consl.nnt. 
It  changes  with  the  change  of  external  Iniluences  altectlng 
frozen  soils,  (temperatwa,  praaaura),  with  which  It  la  In 
dynamic  equilibrium. 

The  problem  of  the  phase  composition  of  water  and  of  the 
change  of  this  content  under  the  effi-ct  of  external  Influences 
Is  investigated  in  detail  [7j.  It  Is  suggested  tha;  both  tho 
quantitative  changes  of  the  amount  oi  unfrosan  water  and  oi 
pore  loa  in  ftoaen  aolla  and  the  properties  of  pore  lea— that 
la,  Ita  quality— are  the  aiata  oawaaa  of  Uiatablllty  of  tha 
madianlcal  propartlaa  of  bono  aolla  and  parmafroat. 

Recant  Inwaatlgatlaoa  [ft,  10]  ahow  that  propartlaa  of  pore 


lea.  as  well  as  of  segregated  ice;  lenses,  wedges,  etc.,  (sae 
report  ot  Shumskly-Vtyurin  in  tlUs  vohima,  Session  3),  do  not 
reniain  constant,  but  are  affected  atgntfieanily  by  atctamal 
Influences.  The  atraaaad  zonea  are  eharaenrlsad  by  raerya- 
talUzatlen  or  change  of  macro-  into  ailcrocryatalUna  km, 
while  tha  axaa  of  tha  eryatala  are  raorlaniad.  Change  of 
negative  teavaratuie  la  aeoompanlad  by  cfliange  in  the  mobility 
of  hydrogen  atoma  in  the  loa-eryatalline  lattloa,  upon  which 
the  qualitative  changaa  of  ice  depend. 

In  turn,  the  quail taiive  changes  of  loa  result  In  an  Increase 
of  lee  atrenglh  with  laduction  of  temparetura.  Temperature 
reduction  not  only  cauaea  a  daeraaae  In  the  number  of  liquid 
water  flfaaa  adaorbed  by  the  awfaoe  of  Ice  eryatala  (indlieotly 
proved  by  the  exparlaianta  of  Yeng  aeeordbig  to  adiich  tlia 
Initial  content  of  loa  In  fmea  aolla  affacta  tha  quantltaUwa 
content  ot  unCraaen  water  hi  Inman  aoUa  IWR,  but  alao 
algnlficantly  Incraaaea  die  atrangth  of  lea  eryatala. 


rACTOMAmCTlNG  WSTABIUnr 

These  factors  are:  (a)  Change  of  temperature  of  soil  undsr 
natural  conditions  and  under  the  effect  of  construction; 
(b)  change  of  stress  state  in  freezing,  frozen,  and  thawing 
soils  under  (he  effect  of  internal  and  external  influences,  and 
<c)  duration  of  load  which  controls  relaxatkm  of  amaa  and 
creep  of  frozen  and  thawlrtg  soils. 

Temperature  change  of  permafrost  under  natural  conditions 
Is  usually  irregular.  This  Irregularity  affects  the  heterc^qe- 
ncity  ol  permafrost  [l,  i,  e  ,  1  i-Nl:  thr  lower  the  tempera- 
ture of  frozen  soils,  the  hnjhcr  ihe  rcjlstoiice  of  these  soils 
to  •Lxternil  tViotoii,  and  the  lower  the  der'orrr.o-.icn  .  But 
i.'ito.-.sliy  ut  the  ti-moorature  effec;  on  the  mech.:injL?al  prop- 
erties ot  Irn.-i  -,  v.iriiv;  •■■.■i:h  Un'  tegton  of  ph  if 
transformation  ol  w.jtcr  within  which  '.he  tomperaturt;  changes 
t  jko  place . 

The  author  [2j  considered  tho  range  of  temperatures  within 
which  tho  change  of  ur.irozcri  wj:rr  is  Tr.j.jt.  r  than  1%  per  I'C 
to  be  the  range  ol  sigr.i'ican;  (intensive)  transformations  of 
water  In  frozen  soils  Into  ice  .   The  range  of  temperatures 
within  which  the  change  of  unfrozen  water  is  from  1  to  O.t* 
per  1°C  should  be  considered  the  range  of  insignificant  trans- 
formatlo:!  of  water.   The  range  of  temp-eiature  within  which  the 
changes  of  unln  i^in  witer  are  less  than  0.1^  per  I'C  ahOUld 
be  consiijrrc-r:  the  uruje  ol  practically  frozen  state. 

Withir.  th'-'  r.5mc  of  Intensive  (significant)  phase  transtor- 
matio.''iS  of  water  (for  sandy  soils — from  0'  to  -fC,  and  for 
clay  soils— from  fi'^  to  -7°C),  the  factor  affecting  the  strength 
of  frozen  sella  and  ot  permafrost  is  (he  amount  of  unfrozen 
water  and  its  change  with  die  change  of  dia  negative 

temperature  . 

With  reduction  of  temperature  from         to  -2'C,  the 
strength  limit  fu*  frozen  sand  with  simple  compression 
.:it-;:jji!.-,  il,  10,  15-17]  ffom       to  7S  kg/sq  cm  (by  about 
15%),  whlie  the  strength  limit  of  frozen  clay  with  the  same 
change  of  tomperoturo  changes  from  10  to  15  kg/sq  cm  (by 
iO%) .  This  is  rather  natural  since  tho  amount  of  unfrozen 
water  in  sand  diminishes  by  not  more  than  1%,  while  in  froaan 
clay  It  diminishes  by  S%,  a  much  greater  value. 

Thus,  within  the  range  of  Insignificant  water  phase  trans- 
formations, it  la  impossible  to  explain  the  strength  increase 
of  frozen  soils  only  by  the  increase  of  their  ice  content  (or  by 
mductfon  of  ihe  amount  of  unHmaea  water  in  them) ,  as  the 
alawltanaoua  affbet  of  tha  eaoomd  faeuir  deacribed;  that  la, 
Iha  affect  of  tha  qualitative  <dianga  of  Ice  la  Bignificant 
(Increeae  of  ita  atrangth  with  radnctlon  of  tha  negative 
tanperatura)  19.  10] . 
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WitMa  tbe  range  of  tlw  praettealJy  ftotan  aisw,  wMb  O* 
UMunt  of  wiJtrosm  wtt«r  ohmglng  by  toss  than  0.1%  psr  1*C, 
Hm  mam  factor  alfactlna  tha  slranvtli  prapartiaa  of  a  alvan 
froaaa  lell  li  lha  strangtli  of  eaaantatlen  iea  and  lia  tnoMaad 

simnBih  yMh.  laaperatuia  raduction . 

nwaa  tialaawnta  an  appllcabto  fsr  aattnatlng  daiW'- 
mtlen  (ooaipraialblltty)  of  ftoaan  aella  with  a  ehanga  In 
naffatlvs  Mmparatura . 

As  experiments  [  12,  18]  ahow,  the  csompresslbtllty  of 
frozen  soils  at  high  temperature— within  the  range  of  Inten- 
sive phase  transformaiioiis  of  water— is  high  and  close  to  tha 
compressibility  value  of  dense  clays  (compressibility  coef- 
flolant  aky  it  about  O.OOS  to  0.03  sq  cmAg).  Tor  the  prac- 
tically froxen  state,  compressibility  of  frozen  soils  can  be 
neglected  in  englneorlng  calculations. 

Uie  difference  in  temperature  of  permafrost  In  depth  under 
natural  conditions  results  in  the  nor.unlformliy  of  strength  and 
deformation  properties  of  frozen  soils.  This  should  be  taken 
into  account  when  designing  foundations  to  be  bulk  on  perma'- 
(rost.  The  problem  is  complicated  further  t>ecaus«  during 
construction  thero  will  be  significant  thermal  inflUMIOaa  On 
tho  froicn  (ojndollon  Soil,  making  it  thrtw. 

T'n:<  '-  n-j;r,  nf  lhods  of  injilding    IZJ  on  p'crnijfrost  jro  now 
Ls  jsc:    (i)  The  m.jthod  of  f^ro^urvauon  o:  frozen  c:>nd!ticn  of 
soils  jr.doi  tr.e  toLridatlor.  (by  uslr:ri  sub-flc-or  spaces  venti- 
lated .:;  wii.Ifi),        ir.t  ..iij-LS'ructlorirtl  nLeth:":d  ivnioh  ,ia.\;r.  ; 
the  stnj.';[..r'-  In  th'-  irritin  ..ir  lii'U  li'nu'n;  :.!  th.iwinq  soil^;  under 
the  (ouridjt;or, ,  jnd  (r)  iht'  wthod  o'.  firep^rim  the  foundation 
prior  to  b'jildlng . 

With  the  first  method,  it  is  very  impoftunt  to  Vuiow  wliat 
temperature  will  exist  for  a  sufficiently  long  time— two  to  ten 
years.   Ultimately,  with  the  given  com(>f>si!i<>n  of  a  (rosen 
soil,  its  ICO  content,  the  mal.'.  factor  .:i fioct ing  its  SllMglll 
properties  is  the  negative  tcmppraturo  rragnitudo. 

It  is  also  important  to  kr.ow  the  disuibut.on  of  the  tempera- 
tures In  fx-rmafrust  beKjw  liie  thawing  baslti  In  order  to  esti- 
mate its  bearing  capacity  when  installing  doi'p  foundations, 
piers,  pilos,  etc.   In  ■^r.y  ri'jc,  jiri'dicting  the  temperature 
increase  below  the  foundatior,  e s  pecially  If  It  lacnaaaa  tO  a 
positive  value,  IS  of  grf>ai  l.Tiportance  . 

The  complete  soiun  i-.  oi  iiu:  ;jtot,iiTn     diiterrolning  the 
profile  of  the  maximum  (stabilized)  thaw  basin  is  given  by 
G.  V.  Porkhaycv  m  Session  8:  the  onglncoring  solution  ot 
this  problem  Is  described  by  V,  P.  Ushkalov,  ot  al 
(Session  7) . 

In  this  report,  there  is  a  rather  simple  but  sufficiently 
precise  solution  of  the  problem  of  the  temperature  determina- 
tion in  the  heating  basin  under  structures  built  according  to 
the  method  of  preaervatlon  of  the  frozen  condition  (with  the 
vontilated  undarground  space).  Also  solved  is  the  problem  ol 
tha  stable  thawing  baatnef  haated  structures  (with  floors  on 
the  ground),  built  In  accordance  with  the  constrjrtior.al 
method.   The  latter  method  was  worked  out  by  S.  V. 
Tomlrdiaro  [16,  17],  who  developed  the  idea  of  S.  S. 
Kovner  [19]  using  the  known  solution  of  the  Dirichlat  probten 
for  tha  strass  field  in  a  haU-apaoa  with  tha  strast  soureaa  in 
ttaiKofib. 

TOHirdiato  C 17]  uaaa  dia  eonvartad  fonaula  of  tha  attasa 
field  (in  conpUanoa  wiHi  the  aolnthm  of  tha  Dlrlchtot  ftdb' 
ton) ,  adding  tha  laatparaiwe  ftald  of  tha  Uthoaphara  to  ttw 
ganaral  axptaaaion  l§-  *  Oy),  whara  8^  ia  laaan  annual 

I  of  tha  aoir aurlaea,  6  la  daothanaal gmdiant  In 


tha  Uthosphara,  and  y  la  dapUt  cooidinata.  Tha  thannal  insu- 
lation of  tha  hutMina  floor  (wUh  aiaa  F)  la  takan  Into  account 
by  adding  an  aqutvatont  toyer  8  =  FXn,  (whera  Xyi  ia  tha 
coaff Idant  of  thataial  oondueilvlty  of  nanmd  soil . 

Aftar  Introducing  a  factor  for  nduetlon  to  a  homoganaoua 
layer  which  aqualsX^A.,  as  staiad  by  8.G.Gutman.  whan 
X  IS  tha  coafflcient  oi  tnarmal  conductivity  of  frosan  soil, 
Tomlrdiaro  obtains  the  solution  of  the  problem 

■  •^y  ♦  •« 

irtiata  4|||»(  is  the  maximum  temperature  at  the  given  depth 
banaaUi  toe  active  layer,  O^y  Is  mean  annual  Demperetufe  ol 

33$ 


aoil  hanaath  the  active  layar  for  tha  point  vrtth  ooOfdlnatas 

and       is  amplltuda  of  annual  taaparatur*  ffeioliwtien 
at  the  baundary  of  any  layer  (1) . 

The  tanparaiura  ,  with  any  numbor  of  hasting  soutoaa, 
is  daiarmlnad  from 


y  +  PXth 


*  are  tan 


lamperature  InsMe  the  bulMIng ,  9^  la  width  of 
liUdlng,  aiid  4-  is  distance  from  tha  origia  of  tha 


toesiad  la  tha  eeniar  of  tha  bulMing  en  lha  te  toft 
to  tha  eanlar  of  all  odMr  balldings  (if  die  thermal  afltoct  af 
savoral  buildings  ia  to  ba  datarmlned) . 

Value       la  found  from  the  following  approximate 
axpraasloni 
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Fig.  1 .  Curves  of  maximum  heating  in  permafrost  under  a 

building  foundation:   Maximum  steady  state  heating; 

Maximum  seasonal  temperature  in  permafrost 
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where        is  amplitude  -ii  ihi;  u;  ;'i  r  boundary  o(  any  layer  (l) , 
4^  ll  known  thickness  ol  separate  soil  layers,  T  is  period  of 
Oil*  cycle  of  tampcratur*  (t  year  or  8760  hours) ,  and  a  ts 
•tfactlvo  thermal  dlffusivlty  of  any  (I)  layer,  to  be  datehalned 
oonsidering  the  heat  used  to  dwiiB*  untamn  wetar  In  the  aoU 
poraa  into  Ice  within  the  given  range  of  temperature 
dwnga  Cl<]. 

Aa  an  example.  Tig.  l  gives  ou-ves  of  the  maximum  heating 
eondltlon  and  of  the  maximum  seasonal  temperature  ol  perma- 
frost calculated  by  (1)  and  (2)  of  S.  V.  Tomirdiaro  [16],  for 
these  values:  B  "  9.7  m,  /  _j  *  B/2,  ly'C. 
9   «  -6°C:  permafrost  in  lc9J  aandy  toam"(w  ■  4(M. 
;C=  1 . 75  kcal/ra-how-*0 . 

Iha  Manpla  la  of  «n  actual  baUdlnn,  iindar  which  tho 
taapantara  of  pamabost       naaai—d  at  various  dai>tha  for 
ona  yaar.  The  noaawad  laiparahiia  valaaa  an  eloaa  to  the 
CM  IcM  toted  valuaa  £17]. 

Iha  raauita  caioulalad  tam  tlw  aaaw  aqmatton  (2)  ara 
llhutntad  In  Fig.  a  [17]  for  Uw  duwlng  bailn  of  tha  building 
with  tha  floor  on  Iha  ground  talcing  into  aeeount  Iha  thawing  of 


tha  froaan  foundation . 

The  temperature  field  obtained  under  the  building  Is  tathar 
compUcated,  but  should  be  considered  if  It  la  naoasaary  ID 
datamlne  precisely  the  change  of  tha  bearing  capacity  oi  tha 
fbundatlon  aolla  reauhing  from  tha  Ineraaaaa  In  ihalr  laaper- 

ThB  properties  of  permafrost  are  unstable  ttot  only  during 
preservation  of  the  fraaan  foundation ,  but  also  in  tiiawing  of 
Ilia  aoila  under  alracturaa.  First,  during  thawing,  booadaiy 
conditions  ebange  as  the  depth  of  soli  with  low  (wnpraaal- 
billty  (parmafrosO  oentlnuously  Increases;  then,  In  thawing 
(for  clay  soils  for  a  long  tiaw  aflar  thawing),  Iha  aoll  om- 
seltdolaa,  oauslag  variations  of  tha  dafdrmatlon  ■wdulus  la 
tha  width  of  ifaa  thawing  layer. 

Thus,  as  shown  by  V.  D.  Ponooarsv,  «fb6  works  In  the 
laboratory  directed  by  the  author,  lasts  with  models  of  thaw- 
ing clay  foundations  indicate  that  iha  ehsnga  in  the  void  ratio 
of  tha  iliawad  soil  undar  load  dlnlnishaa  wllb  daptfa  aoeordfaig 
(o  an  aixpoaaaital  law.  Whlla  Oils  algnfflointly  affscts  tha 
diatrihutkm  of  pnaaura  within  Iha  dapOi  of  tiw  thawad  layars, 
tha  aaln  affact  la  on  tha  fnaaum  diairllMitlOB  at  tha  contact 
aurfaoa  of  thawad  and  froaan  layara.  Iba  laata  wara  donm 
undar  Ifaa  oondltlona  of  a  plana  problan  (Fig.  3d. 

Fig.  3a  lUustntas  tha  evrwas  of  ebange  of  iha  soU  void 
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Tig.  3.  NonunifariTiity  i.i  coti&uliddtion  (expressed  as  void 
ratio  Ac)  and  distribution  of  the  sum  of  irlnclpBl  ■tnima  9 
with  depth  y  in  thawing  frozen  clay 


ratio  (Ac)  In  the  proces*  of  thawing,  while  rig.  3c  shows  the 
distribution  with  depth  o(  the  sum  of  the  principal  stresses  (6) 
obtained  by  use  of  electronic  analog  computer  analysis  of 
nonuniform  foundation  soli,  the  dafonnation  moduiu!;  whirh 
diminishes  with  depth.  In  this  case,  curve  1  corresponds  to 
an  irfirite  uniform  half- space  under  the  conditions  ol  the 
plane  problem;  curve  2  correaponds  to  the  eUstic  uniform 
layer  on  tite  incompressible  foundation  soil:  curves  i  and  4 
correspond  to  the  rranunifoim  l<jy<'r.  with  its  deformation 
modulus  linearly  diminishing  with  depth.   For  curve  3, 


max'  'Tnin 


2  ond  for  curve  4 ,  Kmax/^'^mln 


50. 


The  above  data  show  that  within  the  layer  of  variable  com- 
pressSl>ll;iy ,  lyir.q  or.  the  Incompreiislble  foundation  soil,  thf 
sun  'it  •■•v  |:ri:..  ii  ^.  :,iri'-,;ies  to  which  the  consoIidniMt, 
settlement  during  thdwinq  is  proportional,  can  b«  signilicantiy 
less  than  for  a  homogenaOttS  IftyM  Uld  aVMl  far  llw  homo- 
geneous ha  If -space. 

Thus,  the  change  m  compreaalblllty  with  depth  signifi- 
cantly affects  the  value  of  the  ultimate  settlemenls  during 
thawlr^ . 

A  cbang*  In  itie  stress  oondiUon  of  {r«eztng,  frozen ,  and 

a2s 


thawing  soils  greatly  affects  their  defsrma'icn  and  Lhcu 
resistance  to  the  external  factors.  As  is  shown  by  the  inves- 
tlgati  ;ij    j-ied  out  at  the  Igarka  scientific  research  station 
of  the  USSR  Academy  of  Sciences  CIS],  freezing  of  soils  is 
accompanied  not  only  by  goncratlun  of  stresses  in  the  freezing 
layer  and  by  a  change  In  the  pore  prcssurp  In  this  layer,  tnit 
also  by  an  Increase  of  pressure  In  the  frni.^n  i^'jil  Uyers  as 
well  (this  pressure  greatly  exceeds  the  pressure  valufs 
caused  by  ;he  w<':yht  of  the  upper  layers)  . 

For  Instance,  w:th  freeztnrj  of  the  soil  tu  1  .H  m  under  the 
conditions  J'.  Igjrka,  tno  pressure  In  the  frozen  tlm-  ytairu-d 
*oll  re.ir:h<'d  ,).7S  Icfl/sq  cm,  which  Is  much  greater  than  th« 
pressure  viu  iud  by  4w  WBloht  Of  the  aotl,  appraxlBaMly 
0.3  kg/sq  cm. 

Fig,  4  illustrates  tho  graphs  :.ijtj;n.^ti  ijy  V.  Q.  Orlov  [15] 
for  the  change  in  pressure  in  frozen  soil,  when  measured  by 
mechanical  gages  and  the  graphs  lllustJJtinc;  the  chf.r.ye  of 

the  soil  temperature  at  points  close  to  the  locations  of  the 


the  grapha  ahoir  that  ptbssutbs.  In  general,  follow  the 
changes  tn  the  soil  temperature.  The  data  can  be  explained 
by  (he  supposition  that  in  accordanoa  with  the  principle  of 
tlynamlc  equilibrium  of  unfrozen  water  and  ice  In  frtisen 
soils  [  1 ,  20] ,  the  main  ofioct  of  the  stress  field  is  phase 
transformations  occurring  in  the  freezing  and  frozen  soils: 
The  change  of  the  negative  tassperatnie  of  frosen  soils  causes 
not  only  a  change  in  ice  content,  but  also  In  stress,  which  tn 
turn  affects  the  mcrchantcal  properties  of  the  frozen  soils  . 

The  external  pressure  affects  the  properties  of  frozen  softs 
in  two  ways:  First,  the  amount  of  unfrozen  water  In  frozen 
soils  increases  with  an  Increase  in  pressure;  and  second, 
local  pressures  at  the  points  of  contact  of  t|ie  BtMfal 
particles  also  significantly  increase. 

The  Increase  In  ani:>unt  of  unfrozer.  water  in  frozen  sells 
results  In  reduction  3f  their  3trer,i;th  ar.d  In  the  increase  of 
their  deforrnabihty ,  wh;ch  :s  most  Important  within  the  tem- 
p(_rat.;re  range  cf  Intensive  t-nasc-  tr.ii.sfotn.rttlons  of  water 
l.-.to  .ce.    Experiments  by  the  .sulhur  shnwi'd  _Hj  ;h.it  o  cl.jy 
soil  at  -1.7~C  Ciinialned  42%  untrijzen  w.jter,  but  when 
subjected  co  an  oxivmal  pressure  oi  2.  Kq/sq  cm  at  the  same 
temperature,  the  soil  contained  58%  unlrazen  water. 

Such  J  siTniticant  change  in  unfrozen  water  content  affects 
both  uitimate  strengUi  and  deformation  modulus  of  frozen 
soils— both  decrease.    For  Insl.Hr-re  ,  Youm's  mr-'dulus  of  a 
sandy  loam  permafrost  of  undtstrubed  structure  (which  contains 
6X  clay,  wlOt  BMlatuie  eonlant     MOft<  at  a  tropacaiw*  of 


-4°C)  is:  With  a  pressure  of  1  kg/sq  cm, 
=  100  X  10^  kg/sq  cm,  with  a  pressure  of  2  kg/sq  cm, 
60  X  10^  kg/sq  cm ,  and  wlOt  a  fwessm  Of  3  kg/eq  enit 


E    =  47  X  10-"  kg/sq  cm. 


For  vwy  dem*  frenn  selli,  tiie  eHset  of  external  pressure 
on  unfrozen  waMr  content,  and  consequently  on  their  defonn- 
abllity,  is  reduoad.  Ihls  nay  be  explained  by  the  great 


Fig.  4.   Pressure  and  temperature  changes  In  frozen  ground 
during  freezing  and  cooling .    1 .   Pressure  at  depth  o(  0.4  ffl; 
2.  Pressure  at  depth  of  1 .0  m;  3.  Tomperatul*  at  depth  of 
0.5  m;  4.  Temperature  at  depth  of  1.0  n 
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coherence  of  poro  water  In  these  soils. 

The  cause  of  the  Influence  of  external  pressure  on  the 
mechanical  properties  of  frozen  soils  Is  the  transformation  at 
points  of  contact  of  the  mineral  particles  caused  by  large 
local  stresses.  These  stresses  effect  thawing  of  Ice,  Its 
flow,  and  movement  of  water  Into  less  stressed  regions,  as 
shown  by  the  work  of  S .  S .  Vyalov  [  18  j .  He  studied  the 
distribution  of  Ico  in  permafrost  prior  to  and  after  load  tests. 

In  layers  of  Ice  under  the  effects  of  a  stress  field,  there  Is 
a  recrystalllzatlon  of  Ice,  a  reduction  of  the  size  of  Ice 
crystals,  and  a  change  of  their  orientation  relative  to  the 
direction  of  the  stresses.  These  changes  occur  rather  slowly, 
but  always  take  place,  as  shown  by  special  experiments  [2]. 
rig.  S  shows  photographs  of  Ice  mlcrosoctlons  prior  to  the 
test  (rigs.  Sa  and  a')  and  after  continuous  compression 
(rig.  Sb)  and  shearing  (Sb'). 

Being  affected  by  the  stresses,  the  amount  of  unfrozen 
water  In  a  frozen  soli  changes,  as  does  the  Ice -cementation. 
Ice  (lows  from  the  more  stressed  regions  Into  the  less 
stressed  ones  .  This  process,  accompanied  by  recrystalllza- 
tlon of  loe  layers,  causes  both  stress  relaxation  and  a  some- 
what denser  packing  of  the  mineral  particles  of  frozen  soils. 
These  processes  and  the  changes  of  properties  of  frozen  soils 
have  more  significant  effects  when  stress  action  Is 
continuous . 

Duration  of  load  effect  is  one  of  the  most  Important  factors 
affecting  the  mechanical  properties  of  frozen  soils.   It  Is  well 
known  [10-12,  14,  18]  that  rapid  Increase  of  load  or  Its  slow 
application  quite  differently  influence  the  resistance  and 
deformability  of  frozen  soils.  With  a  rapid  increase  of  load, 
the  resistance  of  frozen  soils  Is  high,  while  with  continuous 
effect  of  load,  the  strength  of  frozen  soils  Is  reduced  many 
times.  This  reduction  Is  a  result  of  plastic  flow  of  Ice  layers 
and  viscous  flow  of  unfrozen  water  Influencing  not  only  relax- 
ation (reduction)  of  stresses,  but  also  creep  of  frozen  soils 
under  load. 

Strength  reduction  of  frozen  soils  is  well  described  by  a 
logarithmic  relationship.  Discussion  of  creep  o(  frozen  soil 
under  load  by  Vyalov  appears  In  Session  6  of  this  volume. 

Main  relationships  were  obtained  recently  [21]  from  work 
by  Vyalov.  In  19S9,  he  showed  by  experiments  [18]  that  the 
relationship  between  stress  and  strain  for  frozen  soils  is  not 
linear.  The  deformation  modulus  Is  dependent  both  on  nega- 
tive temperature  magnitude  (e") ,  and  time  of  load  action  (t) , 
that  Is, 


0  =  E, 


(e»,  t)  * 


(4) 


where  £(g<>      is  the  deformation  modulus  of  a  frosen  soil, 
which  may 'be  assumed  equal  to  £(9",  t)  ~  «'(9^1)'^~^  as  was 
oxporinentally  proved  by  S.  E.  Gorodetskll  I21];  where 
ui,  K.  X  are  parameters  obtained  experimentally  (some  values 
are  given  In  Vyalov's  report),  c  Is  strain  of  a  frozen  soil,  and 
ffl  Is  a  parameter  (loss  than  1),  which  depends  neither  on  the 
temperature  of  a  frozen  soil  nor  on  time. 

If  Vulterra-Boltzmann's  equation  from  the  theory  of  heredi- 
tary creep  is  used  to  describe  the  deformation  of  frozen  soils, 
the  equation  of  creep  of  frozen  soils  (neglecting  their  momen- 
tary deformation  in  case  of  constant  stress)  can  be  described 
as  follows  [21]: 


at' 


(5) 


6' 


Fig.  S.  Structure  of  Ice  segregations  In  frozen  soil: 
a  and  a'  Before  loading:  b  Alter  prolonged  testing  In  com- 
pression: and  b'  After  prolonged  testing  In  shear 


between  resistance  to  shear  and  loe  content  of  frozen  soils 
having  the  same  velocity  of  load  Increase  at  which  d  and  n^ 
were  determined. 

Dependence  of  shear  resistance  of  frozen  soils  on  Ice 
content  (ratio  of  weight  of  Ice  to  weight  of  all  water  substance 
contained  in  the  frozen  soli)  and  on  velocity  of  soli  movement 
along  the  foundation  surface  can  b«  approxlinated  by  the 
straight  line  equation  [IS]. 


The  continuous  tangential  resistance  of  frozen  soils  in  case 
of  displacement  along  the  foundation  surface  (the  value 
required  for  calculations  of  foundations  in  heaving)  is  the 
temperature  function  [IS]: 


r,  =  C 


d9' 


,no 


where  d  and  n^  are  parameters  of  a  logarithmic  group  of 
curves,  and  C  Is  a  factor  characterizing  the  relationship 


(6) 


RESULTS  OF  INSTABIUTY 

As  shown,  the  mechanical  properties  of  frozen  and  thawing 
soils  greatly  depend  upon  three  factors:  (a)  The  value  of  the 
negative  temperature,  which  influences  the  Ice  content  of 
frozen  soils;  (b)  the  Internal  state  of  stress,  changing  as  a 
result  of  phase  transformations  of  water  In  frozen  soils  caused 


by  changes  of  the  negative  temperature  and  external  load,  and 
(c)  the  duration  of  the  load  application,  which  aUects  relaxa- 
tion and  slow  creep  of  frozen  soils. 

With  a  constant  negative  temperature  and  constant  external 
load<  frosen  colls  as  compared  with  pute  toe  have  a  finite 
value  of  the  continuous  resistance  (continuous  strength),  not 
sero.   However,  the  value  of  this  resistance  Is  senaltlva  to 
external  Influences:  A  change  in  the  temperature  of  even 
O.l'C  or  In  dw  external  pressure  of  even  a  fraction  of  a 
kg/sq  cm,  especially  if  the  soils  are  at  a  high  temperature. 
Is  enough  to  chdngu  the  ultlmaio  continuous  strength.  This 
Should  be  considered  whan  estimating  strength  and  deformation 
[properties  of  frozen  soils. 

Instability  ol  the  mechanical  properties  of  frozen  soils  and 
their  sensitivity  to  external  influences  cause  a  variation  In 
depth  of  frocen  and  thawing  soils.  This,  along  with  the  non- 
llnaarlty  of  the  lelatlanalilp  (for  theaa  soils}  between  stress 
and  snrain  and  the  hereditary  creep  property.  ooaipUeatas  eal- 
eutottans  In  frosen  soils  to  be  used  for  foundations .  Otvlng 
oonsMsratlon  to  tha  ratatlomhlps  dtsorlbed  somstlnwa  pumttM 
man  •ttsetlvs  dasl«ns  of  feyMtottont  for  stniemras  that  an 
bulk  on  patmaitoat  and  thawtng  sails.  fWihar,  foraoastlng 
the  behavior  of  pannafrast  and  thawing  boIIb  may  be  laore 
aoGurale— eloiar  to  oboaivad  rasulta. 

Taka,  lor  axaiaitlai  tha  sohition  to  ibe  eontact  problan 
woriwd  out  by  %i  X.  Zaratakli  [IS]  for  a  rigid  footlao  on  a 
CcoMn  soil  havhig  nonllnaar  craap  propartlas;  Ifaa  laoduhis  of 
dafamatloB  E  fnUnws  tha  law 

where  y  is  the  depth,  and  m  and  if  are  parameters  of  pros- 
sure;  pg  is  tha  prassura  at  the  center  of  the  footing;  and  p^^ 
Is  the  pressure  at  a  distance  of  39/40  of  the  half -width  (as 
(raottons  of  Py)  .    For  nonlinear  and  nonuniform  soil,  m  =  0.3 
andf)  =  j.i:       -■  0.476.  and  p^  =  0.597.  Tor  a  uniform 
soil  having  stress  and  Strain  proportional,  p.  *=  0.318,  and 
PU,  =  1.431. 

The  rl,ij.i  .';hi.>w  th.it  cnn^idcrrLrg  Ihr  nnnun    rirmit  y  find  nnn - 
iir.i'.irlty  n!  '.hi;  U-'-irn  L.oil  fuTmlls  .5  rnnro  unilcrm  distribution 
of  jiro'jsuro  during  dt'siqn  th.il  wntjld  usudlly  bo  otainod  by  use 
of  Ihi'  lini'ar  clasCvlty  theury  . 

Vifith  moro  uniforn  dlstributior.  of  roacnvo  pressures, 
bending  moments  for  the  (ootir.fj  are  much  reduced,  which  per- 
mits more  economical  deslg:^  (from  30  to  Aw''^)  wiLho-ut 
Inparlng  the  sL-^ength. 

Similarly,  caking  Into  account  the  reduction  of  the  deforma- 
tion modulus  with  depth  for  thawing  soils  leads  lo  mora 
economical  solutions. 


CCMCUIStOMS 

Whe:'.  estl.Tjiitlr.q  the  xechamcal  properties  or  defor.Tiatlon  of 
fr<i7.t:n  am!  thrtwlng  f;olLs  fur  design,  their  Instatiility  with  Hums 
L;r.tii;ld  bi-  ctir^^itirri-rj .    ri'.hiT  thu  r:h:in:c  i:l  tho  d<-;;lgr-.  c:harac- 
tenstlcs  should  depend  on  'ho  ( r:j['"Si-'d  tmi-  [xjrtod,  service 
life  of  the  construction.,  or  die  vjluc  of  those  charactariStlOS 
should  correspond  to  the  uUiraate  stable  values. 

In  <:u:i.ilrii-t  ir.g  Ihi-  future  changes  of  the  mechanical  prop- 
eriius  of  frozen  and  thawing  soils,  the  theory  of  predicting 
interaction  of  the  structure  and  psrawfroat  Should  bo  workad 

out  and  tested  In  practice. 

Taking  Into  account  the  nonunlformlty  and  nonllnearity  of 
permafrost  on  the  basis  of  the  theory  of  hereditary  creep  per- 
mits an  approach  to  the  natural  mechanical  prooasses  and 
determination  of  the  most  economical  design. 

Further  investigations  of  the  theory  of  calculations  In 
permafrost  as  nonuniform  In  depth  for  nonelaaUc  bases  (on  tha 
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basts  of  the  experimental  determination  of  their  actual  proper- 
ties, With  changes  of  temperature,  state  of  stress,  and  tima 
taken  Into  oonaidaratlan}  an  vary  naeaaaary. 
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DISCUSSION 

O.  B.  ANDFRS!A\D  .ind  H.  H.  DlI.I.CiN,  V;::hicj.=ii.  .St.^te  U.".l- 
verslty,  Ijst  Lin  sim  — Tinif -i;Tir''r.it  j:>.-  djt.i  nbt.i:r.<-d  diirint 
the  rapid  loading  (at  constant  strain  rate)  of  3  frozen  ciiy 
sample  are  shown  In  Fig.  A.  1(b).    Measarible  increases  ir  the 

sample  tenparatura  during  loading  amounted  to  almost  CI^C 
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tor  O.S*  axial  slraln.   Thi^  anrrif.lf  ti-n|.<-r3t'jrf  before  loading 
was  ht-id  .It  ,-1  cons:jnt  value  cf  -S.7b'''C.  The  molded  dry  den- 
sity, molrii'ri  wj'.cr  content,  and  rate  of  strain  were,  respec- 
tively, 100.6  Ib/cu  ft,  2S.1Si-,  in<i  Li.OOii  In  ./in  ./mln. 
The  computed  slresa -sir n u'.  i  ji  v   -.nd  strt-s:;  level  uiiedOH 
creep  test  i.in;ples  subaequtiin  i^:  londiny  dre  shown  in 
Pig.  A. 1(a)  , 

Temperature  n'.casurorr.cnts  wore  made  jsmg  thennocouples 
emuoddod  In  the  sample  center  and  the  sainple  side.  The 
mejsured  Increase  In  terap<?r3ture  during  loadlr^g  and  subse- 
quent decrease  to  che  sumiunding  b,Tth  tennx-rature  while  undsf 
the  co?ist.-.nt  ln.id  !i;r  the  creep  test  is  shown  in  Fig.  A.  1(b). 
tnergy  f  i.t  Into  '.he  sample  during  loadi.-.s  cannot  explain  the 
iricreasi'  In  the  sample  temperature  (see  sample  calculations). 

A  iji,iu;;iblc  explanation  for  the  source  of  energy  responsible 
for  lhl»  lncroi];u  is  the  latent  heat  released  by  small  quantities 
of  the  unlrczcn  water  changing  to  ice  during  deformation, 
rig.  A.  1(c)  shows  schematically  where  this  might  occUx.  Soil 
particles  forced  closer  together  or  sliding  along  another  parti- 
cle may  displace  some  liquid  water  Uota  the  region  ImmedlAUly 
adiacent  to  che  soli  particle  Into  SOn*s  whore  it  may  tr«nifom 
to  ice.  ThU  unfroscn  waur,  on  changing  to  lc«,  releases 
approximately  BO  eal/fl.  An  •■tlnate  can  be  made  of  the  quan- 
tity of  unfrozen  water  that  was  Involved  in  this  process  baaed 
On  the  specific  heats  and  weights  of  soil  solids,  liquid  water« 
and  ice  (see  sample  calculations).  For  a  sample  1.42  In*  In 
diameter  by  3.0  in.  In  heiffht,  approxtmately  0.3%  unfresm 
water  based  on  dry  weight  ol  aoUds  wbs  Involved  in  this 
"Icing  proceM"  during  leedlng. 

Those  data  oontribute  Infomation  on  a  Mcbanlani  whJcb 
may  influence  the  Initial  "elaatlc"  deformation  of  Jtomh  etoy 
■oil  during  rapid  loading. 


(e) 

rig.  A.l .  (a)  Typtoal  sa*as-att»ln  cmw  for  a  taaan  qlay 
{U"  cm.  PL  -  26«):  04  Changa  la  MmMWtm  during 
loadiag  te  onap  laat;  and  (et  Sinpltf lad  rafmantatlon  o( 
pwtlcla  ananganont,  toa,  and  vnliNiaan  watar  In  aoU  aaapla 


Enaigy  Input  by  loading  !■ 

averaga  itresE  times  total  strain  =  energy  per  unit  vohllM 

(U>/sq  In.)  (tn./ln.)  -  (in.-lb/cu  in.) 

(200/0  O.MS>O.S 

for  lib*  aaapla,  O.S  (4.S7}  «  Z.U  Ui.-lb,  er  O.OCS  eal 

NagtoeUng  anevgy  loaaaa  and  a  aaall  changa  In  loa  con- 
tent, anwgy  raqulrad  lo  haat  ilia  fanpla  by  0  .OC*C  la  iha  beat 
gataad  br  coll  aollda.  lee,  and  eiatar  ■  2.69  cal.  Fkoaslng  of 
0.0S3  g  or  O.M  unfeoiaa  water  wouM  relaaaa  aufrietant 
anavgir  to  account  tot  tha  above  dIfSifanca . 


m 
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RHE0L06Y  OF  ROZEN  SOILS 


S.  S.  VYALOV,  V.  A.  Obruchtfv  Pcrmalrost  R«*«4rch  InsUtuU,  Moscow 


RHEOIXXnCAL  PROCESSES 

As     result  of  lc«  content  and  unfrozen  water  cor.tcr.t,  froun 
soils  jro  chafflclcflzcd  by  clearly  expressed  rheological 
propcrtKTS  I  1-6]:   Tho  .ability  to  develop  creep  defomutiOn. 
«iKl  to  r«l«x  and  reduce  the  resistance  to  load  li  it  is  con- 
tinuous. Ihe  edect  Is  significant.   Delorniations  d«weloped 
with  tijn*  an  hundreds  of  times  greater  than  initial  ones, 
while  th«  conttiHiOUB  strength  is  from  3  to  I S  times  smallar 
than  the  vamenlaiy  one.  EflQlnaerlug  designs  should, 
therafora.  be  based  on  the  iheelegy  theory. 

Typical  CDivea  of  creep  in  frozen  soils,  i.e. ,  relative 
deiocnation with  tine  under  a  constant  load  (Fig.  la),  differ 
with  respect  to  stress  magnitude.  If  stress  is  small,  strain 
Is  damped  wtih  time,  but  if  stress  is  laige.  nondamped  creep 
strain  results.  Initially,  the  usual  monwntaiy  defomatlonUf^ 
Is  built  tip  (OA  section  of  the  curve  In  Fig.  Itf .  then  variable 
defDnaatlea  U^)  is  developad  (AB  section  of  the  oimrs)  at  a 
decnMsing  fate,  la  the  damped  ptocess  this  rete  tends  to 
aeio.  For  noodaaiplna ,  the  defanaMion  rete  attains  a  maxi- 
mum value  and  bacomes  eppioxlmataly  oonsteM— the  stage  of 
steady  plasto-vlseous  flow  (c^  is  Itarmad  (eeetien  tO .  As 
defomauon  progresses ,  this  stage  changes  Imo  a  progressive 
flew  {t^  (section  COt  with  en  Increeslng  deformation  rate  and 
ending  in  bmtle  or  viscous  failure.  Generally,  soil  reslst- 
anee  in  this  stage  Is  considered  to  be  sera,  whldi  Increases 
the  bearing  capacity  as  failure  of  the  soil  begins  at  some 
point  N;  thus,lt  is  laere  correct  to  Include  section  CN  In  Ibe 
soil  reslstanoe. 

The  prooBsees  Just  desctibad  can  be  exptattted  as  feUows 
[l]:  Interpaztlcla  bonds  (cohesion  forced  etfketing  the 
strength  of  frozen  soil  cen  be  convenieMly  divided  into  ttiree 
groups:  (l)  IntetmoleGular.  cohesion  itaelfi  (2)  stnietural 
eohMlen,  developed  In  geological  Ctxmatlon  of  aoUa;  and 
(3}  eoheslen  due  to  toe  eementatlain.  As  stated  by  N.  X. 
Tsytovidi,  froaen  sells  ere  characterised  by  dynamic  equi- 
librium between  tiie  Uguld  and  solid  phases  of  water.  An 
external  load  causes  conoeniratlon  of  stress  at  points  of 


Tvi-  Cti>f:p  curves  of  frozen  soli:  top— group  Of  OUtVOS  for 
various  loads:  bottom— schematic  ^eep  curve 


Fig.  7.    Mechanscnl  rr.r  icl  of 
elasto-pListo-vit  i>dy:  top— I 

elastic,  II  VISCOUS,  HI  plastic  ele- 
ments; bottom— ftosen  soU  siodel 

contact,  resulting  in  plastic  flew  and  melting  of  Ice.  As  a 
result  of  this,  the  dynamic  eaulltlMum  is  disturbed,  and  pore 
water  increased  by  melted  lee  migrates  into  a  aene  of  lower 
stress,  vrtiere  it  again  fieeses.  Simultaneously,  stractunl 
and  iee-cementatlen  bonds  In  the  «reeker  places  yield,  and 
ntineral  particles  slip.  Ihese  processes  take  seme  tlSM  and 
are  aooompanled  by  reettontatlon  of  ice  eiyatals,  which  tend 
to  orient  with  their  basal  plaiws  parallel  to  the  slide  dlroetieiw 
and  by  reorientation  of  mineral  particles.  This  results  in  a 
redueUoR  of  the  sheatlng  resistance— i.e. ,  weakening.  Ihls 
la  simultaneously  aooompanled  by  denser  packing  of  the 
mineral  parueles  and  a  eonssguent  increase  In  IntetsMtecular 
bonda.  by  building  up  n»»r  Ice- cementation  bonds  and  eUmlne- 
tlenef  the  defects,  i.e. ,  by  stnenglhening.  If  strengthening 
exoaede  weakening,  the  ptocess  is  daaiped,  but  If  weakening 
overcomes  etrengtbealng,  nondaoipad  creep  results. 

SbhematicBUy,  tiia  defamation  process  can  be  expressed 

«  ■  «o  ♦  «(d  ■       « 1  +  C2(*c^  *l) 

where  «(t)  ^  (j  4     >  cj  is  deformation  developed  with  ume 

(*3  Is  usually  rwt  taken  into  consideration). 

Depending  on  the  looid .  oeforxatinn  c„  car.  be  completely 
rtTTGveriib.e  (inst^nt^ineously)  or  can  iricljr-e  a  residual  non- 
recoversble  psrt.    D.jfornatiorj  (.  mcljd.^s  both  recoverable 
(ir.d  residurjl  p^irts,      time- 'delayed  restoration  of  doforsietlon, 
De!Ofiri<itiQri       ''^'^  *3        completely  residual. 

The  deformrtUon  process  can  be  illustrated  qualitatively  by 
a  m<-ch.inif  al  model  (Fig.  2) ,  which  shcws  clasUc  qualities  by 
a  spnnc;  (1) ,  viscous  qualities  with  a  dashpot  (ID  .  and  plastlc 
:jualitie5  as  a  broking  element  a  =  Om  (III) .  Various  combitna- 
tions  ot  these  elomonts  Illustrate  different  rheologlcal  modele 
(Kelvin's,  Maxwell's,  Blnghcim's,  etc.).    The  model  (or  fiDiem 
soils  IS  Illustrated  in  the  lower  part  of  Fig.  2.   Cg  is  illus- 
trated by  1 ,  <]  by  2  and  3,  (2  by  4;  daConttaUon  is  possible 
only  With  stress  (7  -•  0«  . 
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But  the  model  fails  to  provide  a  quantitative  description  of 
the  aclusl  deforrrstlor  pryri^s?  of  frozen  soils  (I)  ,  as  no  inocl'?l 
can  incorporate  all  the  poc ^han'.ias  Of  frozen  sous,  more 
particularly,  the  noniineariiy  ol  the  process  nr-i  chrir.f;o  in  301 1 
properties  during  this  process.   Th-f.   it  is  rietter  tc  u£'i-  the 
phenomenologlcal  theories  of  creep  tor  itozen  soils,  which 
permit  introducing  parameters  derived  from  experiments  into 
the  equations,  and  which  characterize  ihf*  sr^ij,'!!  sod.  The 
most  suitable  is  the  Volterra-Bohzmanri  -hisir',  o!  rLCir.lir.eax 
h«radita(y  creep  which  has  been  successfully  used  with 
fiOMii  sails  tl,  2]. 

DEFORMATION  EQUATION 

As  deformation  in  any  moment  ot  time  (t|)  consists  of  elastic 
deformation  linearly  connected  with  stress,  and  of  plastic 
delormauon.  which  is  nonlinear  (F19.  iti,  the  relationship 
of  SIMM  to  tttaln  can  b*  axprniad 

where  E^  and  A,  are  moduli  of  linear  end  ol  nonlinear  deforma- 
tion, respectively. 

But  Che  curve  of  the  total  deformation  can,  without 9raait 
emtr,  be  described  by  a  monomial  equation.   In  genamt,  this 
cinve  bends  with  o  =  93  (Fig.  3ii  and  is  described  by  two 
different  laws>  To  simplify  dateuiatliHia,  one  connttn  law 
can  hf!  'iif^d  for  the  whole  atmas  1 


f  ia)  or  o  I 


f(€,) 


(3) 


As  deformation  increases  with  time,  every  tj  Is  character- 
ized by  its  own  curve  c  -  o  (Fig.  3c) .    The  upper  curve  (t  =  0) 
corresponds  to  the  usual  momentary  deformation,  while  the 
lower  one  (t  =  00)  corresponds  to  deformation  with  continuous, 
unlimited  duration  of  load  {a);  each  intermediate  curve  refers 
to  dafcrniatlon  eawaod  by  e  load  dwtng  tine  <t^ . 

a. 


11 

- 

Flfl-  3>  Curves  showing  relation  between  stress  (a)  and 
dafansallon  U)  of  frozen  soil;  a'dMriSlon  of  total  deformation 
(3)  into  recoverable  (U  and  noweeovarable  (2)  parts  for  differ- 
ent dtirations  ot  load;  b'lchaaiatlc  aiive;  e— gmip  of  einvoa 
for  vaiMua  durations 


;•■,>:[  onmont s  ahrj.v  th  it  all  the  curves  are  similar  ind  car. 
be  described  with  a  power  law.  So,  (3)  can  be  expressed  as 


whan  Atd  is  tha  nodulus  of  total  dofbnnatton,  which  diaivas 
Its  walua  with  lospaet  to  duration  ot  load  ap^lleatloa,  bagfn- 
nliip  With  initial  il^  to  a  minimum,  ulttniata«  eontliiuoua  A«> 
Tha  sMdolua  alao  dapends  en  tha  tan^aratun  of  tho  fiosaa 
sou:  and  m  *  1  la  tha  ttfansthlng  factor,  which  can  bo  taken 
aa  Indapendentof  tlmasndtanpecatUM. 

Tha  sttoas-atrain  statOi  wUla  ohaaglnp  wtHi  ttna,  can  ba 
deseribad  by  a  ihaologtoal  ««Matfon  of  sute.  incdudliio  atnsa. 
strain,  tholr  ntos,  and  tlmo.  to  coisvllanc*  with  tfao  theory 
of  aonUaaar  baradiianr  eraap,  ttwao  oquatlona  can  be 
•xpratsed  t2] 


0(<1  'tM*  tt  KCt-i49M4k 

0  -  «>Cc(t)]-J^  RU-v)  «>t<W)di» 


With  constant  stress  or  constant  strain,  the  equations  can 
be  BinpUUed  to 


«<<l>«tl4j2K<ddt] 

9  >      [1  - /''Rd}  dt^ 


The  first  terms  on  the  right  describe  the  irutlal  stress- 
strain  state;  the  seccr-.d .  the  change  of  this  state  with  tinM, 
Functional)  <tescnty-L;  tha  relationship  bciw(»en  obosa  and 
strain  for  the  imual  Unie  (t  ■  Ot .  which  can  ba  axpraaaad  by 
14  with  tSA  >  Aq. 

Function  Xld  *~  z  t(<) )  la  a  eraap  funetioa  talatlna 

V  ot 


stialn  Tata  wMb  streaa:  function  Hit) 


1     d(7  . 

■To  dT 

relaxation  function,  representing  the  rate  of  stress-reduc- 
lion  required  10  maintain  unit  deformation.  The  relationBhlp 
between  function  K(0  and  defofiMtlon  modulua  [AMI  In  (4 

can  be  expressed 


1  ♦      K(t)  dt 


(4 


Ftar  the  nathoda  of  datanslntng       ,  KM .  and  tSA  ana  1 21 
EQuattona  (Sl  and  W  are  rather  9enanl  and  can  dascdtae  any 
dofbnsattaa  law  with  raapaet  lo  function  tIA  •       fieaon  solla 
It  can  be  aaaiinad  thai 


KM 


The  first  of  the  two  expressions  for  K(0  is  inv  ■■  in;  ted  in 
L3h  the  second  expression  was  «^Vi*->'.r:r»rl  h^'  S  f:.  liorodt'tskil 

tzJ. 

By  substituting  these  expressions  into  (t'l  and  by  consider- 
ing (he  relationship  in  (4) ,  the  first  expression  for  K(t)  ylalda 
the  logarithmic  equation  of  "  secular  deformation" 


c'"-^[l*|*n(l  +  bt)] 

and  the  second  expraaslon  for  KM  ylolds 


(13) 


Equations  (I  I)  jnd  1 1      can  be  Obtained  directly  by 
BufasUtuting  the  Alt)  into  (4)  in  compliance  with  (9)  ■ 

The  effect  of  temperature  (9)  of  a  frozen  soil  is  taken  into 
aooownt  in  the  equation  derived  by  S.  E.  Gorodetskii  LSJ, 


(13) 

Hi 
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where  S  Is  teoipaiatun  (aknluta  VBlual  Mid  w  and  k  are 

parameters. 

If  the  Initial  deformaUon  which  iB  anall  for  toaan  Mlla, 
is  noglcctod,  (12)  can  be  expressed 


a 

The  valuaa  of  flia  paianeters  of  this  equation  for  the 
of  uoeoaOnad  eompraaaton  for  a  ftosan  sUty  sand  bavlnp  a 
aw  moistvce  centant  aw  m  •  0.27>  X  =  0.1:  k  =  0.9;  and 


(14> 


CO" 

Equations  (12)  and  (14)  daaeiltaa  an  unllmltad  tneiaaaa  of 
dafoimatlon  but  at  a  nduelng  rata.  If  ifaa  pmoaas  eenttnuaa 
with  an  essentially  eonatant  rata,  uaa 


1^-  i-Chr-O* 


(la 


wliara  ji*  1  and  C  Is  tha  raotpraeal  of  vlaooalty. 

Bquatlen  (15)  rapfManta  tha  pioeaaa  wkan  flow  wlib  a 
notteaaUy  constant  cats  faaglaa  only  witti  a  strata  aotoaadlag 
9m '  >*rt  thla  BtataoMiit  and  tiia  tdaa  of  t)ia  Unit  of  eontlnuwi 
atrangth  ttaolf  toj  ara  coovantloaal  aa  tliay  dapand  en  tha 
praelslon  and  duratlan  of  maaaumaanu.  that  la  ertiy  Ui  soma 
cases  the  (low  pfDoaat  1»  betlar  descrUiad  by 


(16) 


t  .  Co" 

Pannatar  » In  CIS)  and  (19  doaa  not  dapand  on  i 
whlla  pannatar  C  is  s  tanuwratufa  function  that  can  ba 
axpnaaad  by  (19. 

In  aona  eaaaa.  daionnatlon  ean  ba  axprasaad  by  Dw  i 

(11)  or  (12)  and  (IS)or(lfl). 

CONTINUOUS  STRENGTH  OF  FROZEN  SOILS 


Aa  la  ovldent  fiaro  testing  a  serlaa  of  specimens  of  frozen  soil 
wlih  a  differant  but  constant  strasa  for  every  speciman,  tha 
iowar  tha  strass.  the  longer  the  time  raqulrad  for  falluie 
(Pig.  la),  lha eutva  Illustrating  continuous  strength  (Fig.  4) 
la  obtained  ky  plotting  failure  loads  on  the  Y*axls  and  time  on 
tlta  X^xla.  lha  cunre  shows  the  loss  of  strength  with  ineraase 
of  lead  duration,  which  is  tha  pracaaa  of  strength  reducuon. 
With  cenpnatiea,  rupture  itaalf  is  daiacted  only  tn  .ow  mois- 
tun  danao  Iraaan  aolJa.  With  lea-saturated  soils,  defomatloa 
haa  a  plastie  characlar  and  anda  in  the  flattening  of  the  apael- 
own  wltiioiit  doBUoying  its  continuity.  The  moment  of  niplnra 
of  a  low- moisture  dense  frozen  soil  is  clearly  shown  (point  D. 
fig.  Itil .  white  tiia  Idaa  of  atrangth  of  an  loa-aatHralad  aoll 
awy  ba  awfaly  oonvontlonal.  But  In  all  eaaaa  ttia  defooMtien 
pioeaaa  InwttaUy  raaulta  in  a  piograaalva  flow  atata«  Hiua, 
the  convantioml  criterion  of  strength  la  oonaldarod  to  be  soma 
aatoelad  ortttcal  value  of  dafonaatlon.  which  inltlataa  progres- 
siva (lew;  l.a. ,  point  C,  Fig.  lb.  This  adda  to  tiia  factor  of 
sataty  in  baaitng  capaeity. 


rig.  4.  Contiiiueua  itnngth  cuiva 

334 


In  rig.  4  thf  Intr-rsfi-iion  of  •.ha  curve  on  the  Y-axis  illus- 
trates the  usual  momfiit.iry  irtllure  stiess  (o,^:the  ordinate  of 
any  f.c:i:',  a  [>)  ,  is  considered  the  long  trriri  strength,  i.e.  , 
the  resistance  to  fdilure  for  □  giver,  load  duration,  while  the 
asymptote  to  the  curve  is  the  ultimate  continuous  strength  (cdJ  . 
Il  this  limit  l5  not  <!xc<>i'ded ,  the  specimen  does  not  fail  with 
any  unlimited  v.^lue  of  time. 

The  law  of  strength  reduction  is  described  with  sufficient 
aeeimey  by 

an 


B.  and  t*  =  ^'"o  are  parameters.*  9^  la  tha  initial 
strength.  To  simplify  lha  equation  t*  can  ba 


Unconfined 


Cohesion 


Soil 

Temp. 

°C 

kg/ 

scj  cm 

B 
tnin 

d 

kg/ 
sq  cm 

B 
mln 

Sandy  loam,  slltyl 

-  5 

253 

2.69x10-^ 

87 

1.41x10-3 

nolatuTOi  SM 

-  10 

41R 

163 

2.  55x50-4 

-20 

698 

2.22x10-2 

231 

4.42x10-'' 

Clay,  compact; 

-  s 

342 

J. 15x10-5 

US 

4. 15x10-1 

moisture: 

-10 

440 

4.02x10-^ 

l&« 

3.05x10-3 

20  to  24% 

-20 

670 

1.20x10-' 

276 

1.01x10-' 

Equation  (17)  (with  t  =  co)  results  in  c.  -  0,  which  is  not 
eonsuui  I  c  v.  ah  the  idea  of  continuous  strangth  at  soma  flnita 
strass.  Ihat  is  why  the  idea  is  purely  convantional.  But  in 
pnetica,  after  soma  long  enough  p«riod  of  tima,  strangth 
raduetion  la  so  inalgnlficant  and  so  slow  that  it  can  ba 
nagladad  In  anglaaariag  caleulatleaa.  tot  calculations.  9m 

can  be  obtained  from  (17)  with  t  =  (SOB  '  "0  years 
which  corresponds  oonvantlonaUy  to  (o«  -  o ^q)  /ojq  ^  0 .  OS 
wbara  Om  is  a  caleulatad  valua  of  9  and  oso         value  of 
9  With  t  ■  SO  years:  0  la  tha  paranatar  of  (17)  in  years.  Ilia 
fact  that  the  ulumata  eenttnuous  strangth  la  an  actual  valua 
aa  a  ealeutetad  cfaaractarisUe  was  proved  by  tension  tests 
whan  leads  from  20  to  2  kg/ sq  cm  caused  fallwra  of  speci- 
nanta,  white  a  lead  of  1 . 8  kg/ sq  cm  did  not  result  in  failure, 
though  the  teat  was  continued  for  6  years. 

lha  Biaxlauim  raduetion  of  strangth  oi  hozan  soils  oeeura 
chning  an  initial*  conpantlvaly  abort  period  of  tlna  (aavara) 
hours  or  days) . 

The  ralatianshlp  banwaan  oontinnous  strength  and  taoipara- 
tura  la  aKPtaaaed  itmllarly  to  (ID .  asmatlmea  tha  llnaar 
ralattonahip  (Kw  1)  la  ttua. 

Table  n  glvaa  charaetoclstlca  of  compraaalva.  tanaila,  and 
sharing  strength,  eohaslon  and  adfraaxa  of  aoaw  ttoxan  aolla 
L 1 .  2J .  Tha  cohesion  valua  is  detemined  by  praaatng  in  a 
s^harleal  indanter  in  accocdanca  with  tha  natliod  davtsad  by 
M.  A.  T^Mwteh       this  mathed  ia  almilar  to  tha  Brlnall  teat, 
but  panatratlon  la  piolongad,  ao  that  it  ia  aeoenpanlad  by  a 
raducUon  of  tha  oobaalva  mslatanca.  Mfltaaxa  fetcaa  ara 
dalanatnad  by  pulling  out  round  woodan  rods  which  have 
fnaan  into  tha  ground;  thla  valua  la  rateUva ,  dapaadlog  en 
tha  nid  alaa. 

COMPLRX  STiCSS  CONORIONS 

is  daaerlbed  fay  tha  intensity  of 


lha  atata  of  complex 

tangential  stresses 


(i« 
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Ikfala  n.  Data  on  camranttoaal-iMNMiilafy  and  ultiflMt*>eonamioua  »lfinih  of  fmea 
•oils 


Soil 

Mois- 
ture. 
% 

Strenath  (kg/ s<a  cm;  «i  temp, 

CI 

- 1 .  i 

-4.3 

1 

-  I  U 

1 

 r- 

•  20 

Ma 

M  C 

M 

c 

M 

c 

M 

c 

Unconfined  CoraDraMlOil 

Sandy  loam .  sllty 

(CalloviarO 

26 

«  «  * 

■  a  B     «  ■  • 

43 

14.8 

70 

20 

120 

34. 

Sandy  loaTi ,  light 

22 

... 

. • •  ... 

35 

5.0 

Clay ,  co.Tip^ici 

(Bat  Baloaca} 

22 

•  •  • 

•  «  • 

...  ... 

28 

12.  a 

49 

1  e  c 

le.a 

66 

24. 

Tension 

aandy  loan>  IIBM 

at 
«1 

.  ♦  ♦ 

*  a  • 

B  B  a      a  a  a 

20 

l.S 

... 

Shear 

Clayey  Iobm,  UgM 

32 

4.  7 

0.  7 

Clay 

32 

4.6 

I.  1 



•  ■  • 

18 

6.8 

Cohesion 

Sand,  medium  grained 

25 

17 

1.37 

I»  2b2 

SO 

3.7 

•  .  . 

... 

... 

•  • . 

Sandy  loam,  heavy. 

sUty  (Callovian) 

2< 

■  ■  •     ■  a  a 

■Ifl 

3.7 

30 

7.2 

43 

10. 

Clayey  loam,  heavy 

3« 

M  m 
4a  9 

Ue« 

l« 

2.S 

Clay,  eompact 

(Bat  Baiosaa) 

22 

2U 

4.6 

29 

6.B 

47 

1 1 . 

Clay,  vatvad 

3S 

ft  A« 
«a09 

1  a  O 

A  A  ^  ft 

VaW  SbV 

1^  ft 

I4a« 

4b2 

Sandy  loam. 

hMVy,  sllty 

34 

4.S 

0.9S 

7.3  i.e 

7.7 

2.0 

Mfrnaaa  (aoU  with  wood) 

Sandy  loan, 

)$- 

4.0 

0.75 

baavy,  allty 

-1.0 

■ • .  ... 

11. S 

2.6 

... 

• .  • 

Clayaf  loam,  light 

3e 

3.5  , 

O.S 

-0.7 

^Momentary 


by  the  Intensity  of  the  shearing  defomatlon 


by  the  average  normal  (hydrostatic)  stress 


c  *  Q  *  a 
X     y  a 


and  by  tha  average  Unaar  dolDiniatton  that 
the  volumetric  daformaUon 


(211 

ono-AMof 


<  ♦  «  ♦  € 

X      y  a 


(21) 


where  ff^, 
stresses  i 


.  y_  and  'xfyity  •  •       nonaal  and  tangantlal 
and  datoratationa;  Tn  and  %  an  oetahadral  anoaa  and 

strain. 

Solving  creep  problems  consists  In  the  compatible  solution 
of  the  equilibrium  equations,  tha  aquations  oi  deformation 
continuity  and  o<  the  Theological  itata.  Whlcdi  describes  tha 
relationship  between  the  coiapOfiaDts  of  atraaa  and  deforms- 
ttona  (or  of  thair  latad  and  tlna.  Thaaa  aquotlono  (HOndqf) 
ara 

*x  -  «  =  X(ax  -  a) .  yxy  =  2X  Txy  (22> 


whoro  X 


r(i) 

2T(0 


Present  creep  and  plasticity  theories  assume  that  the  tan- 
tcntial  stress  (T)  causes  only  shape  change,  which  is  inde- 
pendent oi  the  hydrostatic  prassura  (d) .   This  hydrostatic 
pressure  (9  cauaa*  only  volanwMe  ehanga  that  ia  indapandant 
of  T 


Tiij    J     Relationship  between  stress  (T)  rtnd  de- 
lormauon  (r):  a— commonly  used  with  plastic 
tiwocy;  b— effeet  of  hydioatatte  praaam 


T"  t»(r>  and  9  =  «<<) 


(23) 


Tha  first  aquation  showa  that  the  curve  of  the  relationship 
balwaan  T  and  r  (Fig.  Ui  is  similar  to  that  of  o  and  (  with  a 
almpla  atraaa  atata;  tha  curve  can  ba  obtained  from  ttta  tatta 
for  unoonflnad  compres  nlon  or  tension  or  for  pure  ahaar.  thus, 
tha  powar  aquation  follows  [4] 

.all 

T=  ACtjr"  =  3      '     A(Or^  (24) 

where  A(t)  is  the  dclormatlon  modulus  lor  complex  ^.uass  which 
equals  the  defomatlon  modulus  with  pure  shear.   Alt)  Is  the 
deformation  modulus  with  unconfined  compression  or  tension. 

Equation  (24)  can  be  obtained  from  (4)  — taking  into  con- 
sideration that  In  unoonilnad  oomprasslon,  (18)  and  (19) 


335 


Copyrighted  inaieiial 


bccomo:    T  -  CT  '/TandF^  t  ..r'7(v^ith  <  -  0)  .  Dc-formatJon 
•quations  fur  complex  stress  conditions  are  simlrtr  to  those 
used  for  tho  simple  stress  state;  they  can  bi?  obt.i:ni;d  from 
the  latter  equations  by  substitution  oi  T.  T,  A  for  9,  < ,  A. 
Thnm.  (S)  and  (9 


<20 
(29 


IB  ♦  1 


A.  and  K  and  R  hav«  th« 
o 


where  oO")  =  A^r",  Ao  ■  3 
same  values  aa  for  simpi*  stress. 

Tha  raoMlning  aquatioiM  will  ba  tnnsfoniied  in  a  atmlter 
rior  iBBtancw.  04)  will  Iw 


(27) 


1*  1 

i 


wtaaivw  «  3 

Vm  mm  Is  triM  for  (IS)  and  <lQ.  in  which 

Jill 

r,  T,  C  =  3   ^    C  are  substituted  for  C. ff.  C- 

The  tine  effect  In  voljrr.etrle  delormatlon  Is  dcscfllMd With 
e<]uaUons  similar  to  (25)  and  (26).  lor  exampla 

•  «i[cW]  -  r*v(t-i/)  oRWl  *»  (281 

When  Invattlgaung  plastic  defonnatlon,  it  is  usually 
supposed  that  the  material  is  Inoonprasstble.  I.e. ,  <  •  0. 
This  assumption  can  be  made  for  a  ftosan  soil  at  a  low  tan- 
perature.  Frocan  soils  at  high  tamparaturas  ara  capable  of 
being  comprassad  and  of  developing  a  signifloant  volunetrle 
deformation  C  t ,  S,  6],  which  should  ba  eonsldaiad,  aspaeially 
when  dosigniifg  foundations. 

FuncUon  V(t)  In  (28)  is  similar  to  futy:tion  R(0  of  (26).  but 
function  V(t)  should  be  considered  as  being  composed  of  two 
memt>ers  V(0  =  V](t)  and  V2(t)  .  which  reflects  the  peculiarities 
of  the  volumetric  deformation  process  of  soils.    The  first  of 
these  members  describes  deformation  by  consolidation,  which 
IS  controlled  by  flow  of  water  and  which  is  connected  with 
permeability.    This  deformation  has  a  dami:.o  1  ch-^r.ictcr  and  its 
rate  depends  upon  the  geometrical  dimensions  of  tho  com- 
pressed soil  mass  (and  on  its  boundary'  corvJitlnns]  ,  jll  this 
being  described  in  lunctlon  Vj (t) .  Function  VjlO  dr-scribos 
volumetric  creep  deformation,  which  as  wc:i       linear  creep  da> 
formation  does  not  depend  upon  geometrical  dimensions  and 
may  b«  cither  damped  or  nondamped,  depending  on  the  stress 
magnitude.    Let  us  note  that  function  *(?)  x.'.y  b.-  different 
for  the  consolidation  prcce'ises  pir.d  for  volumt-t.-ic  creep.  The 
specific  role  of  each  ptoci-ss  .inJ  of  us  Uws  is  the  object  of 
further  inviv_:tiy.5;ion;i. 

The  deformatiori  equations  atx>ve  are  to  be  substituted  into 
(22)  .  the  equation  oi  state. 

Ail  that  has  beer,  said  Is  true  for  a  material  equally  resist- 
ant to  coT-prrssicMi  a»d  tension,  aot  having  tntarnal  friction— 

i.e.  .  for  frozen  clay  soils. 

GENERAUZCD  CREEP  THEORY  TAJUNG  HYDROSTATIC  PRESSURE 
INIO  ACXX>UNT 

The  m.3jorj;y  (>'.  frozen  soils  h.:ive  diflerent  resistances  to 
tension  and  compression  and  aro  characterize:!  by  internal 
friction.    (Internal  friction  of  frozen  soils  Is  a  conventional 
conception  and  is  to  be  considered  as  Increase  ol  sharing 
nslstar.ce  under  the  effect  of  normal  stress.) 

For  such  bodies,  a  generalized  creep  theory  with  the  effect 
o!  the  hydrostatic  (jreLitiute  t.^keri  into  occouni  [2]  has  been  da» 
velopud.    Fm.il  t:on::hjsloii..j  h.iiied  on  ihi.';  thi'ory  are  given. 

As  m  tn.ix.  1-     .  r.presslon  te?;ts  on  unfrozen  soils  (I.  A. 
BotVlR  rin.;l  others)  ind  te;:is  on  frozen  soils  (E.P.  Shusherina 
And  the  author)  hydiost.-itic  pre'isurp  (a)  causes  rjcH  only 
volumetric  defonnatlon  (c) ,  but  has  significant  effect  on 
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shape  delorrr.ations  (D  ,  while  the  intensity  of  the  tanijentlal 
stress  (T)  affects  ix>;h  volumetric  and  shap«  defoimations. 
Evidently.  teEtir,^  for  triaxial  compression  with  different 
values  of  o  does  not  give  a  conmon  curve  T-F  (lot  given  Tj) 
but  a  grO'„p  ol  .Kui:h  ["rurvi.'s,  each  of  which  c  ;r  _"'.pi  ■rv-s  V:  ;t5 
own  value  ol  9  (Fig.  Sd.  Consequently,  the  general  initial 
ralatlonahipfl  (32)  can  ba  exptMaad  T  ■  pfT.il  and  »■  9(1.1}  • 

lo;  previous  cases,  vclumetrir  rloformations  ShOUld  be 
considered  only  lor  soils  at  high  temperatures. 

On  changing  the  curvis  T-  T  (Fig.       for  different  values 
of  O  into  a  graph  of  relationship  between  T  and  a  for  different 
r,  a  group  of  curves  will  bo  obtained,  one  of  which  (for  the 
glvan  value  of  Tj)  is  illustratad  in  Fig.  6a.  The  equation  of 
I  wiU  ba 


T-*,  (r)  ♦•2^)*'^ 

where 


(291 


T  - 


(T)  •     >  r  la  pwe  shaan  V^V)  >  raprasants  tha 

Increase  of  shearing  resistance  due  to  S  (Fig.        0(S)  Is  a 

function  characterizing  the  effect  of  0. 

Equation  (25)  is  commonly  expressed  a.i  ar.  integral  equa- 
tion; Its  solution  together  with  (26)  ,  the  creep  equation, 
describes  the  relationship  of  T.  T.  a,  and  t.    A  .■iinilai 
equation  fo:  volj-metric  deforma'.jor  de.^criiji: .•;  the  lel.atiotis.lip 
o:  T,  <  ,  a .  and  t . 

As  these  equations  are  rather  complicated  for  practical  use, 
thay  can  ba  ataipUfiad.  oonsldsMng  ttatt 

1.  Thanlitlonshlpof  Tandf  Is  llnaar  (dottad  llnaln 
Fig.  CiJ.  l.a. ,  0(3)  *vf  and  oonsaquantly,     Q)  *  tan  ^  SI . 
whara  Ml  ■  Tp/H,  tha  angla  of  dawtotlon  on  fh*  oclahadral 
plana. 

2.  runetfiMis«|(r)  and«||(n  atany  tliao  (^  andasertbad 
by  the  powar  law  VUg.  tt) 


Pj  (D  •  A r"  and     (T)  •  RT" 


3.  Whan  undar  load,  all  tha  tMss  < 
propoitlonally  to  one  fsewr,  tha  load  valua  incrsasing  slowly 
and  gradually ,  which  i>annlts  takuig  tha  tlaw  affaet  into 
acooum<  oonsldanng  puaswlars  A  and  R  to  bo  lotions  of  t 
(rig.  «e>. 

lhan  (24  wUl  ba 


i«Ta(r>*5  tBn*(n  »A{dr'"«»i(i)r' 


(31) 


The  first  tai«  of  tliis  equation  daftnas  raststanca  to  pura 
shear;  tha  saoond,  increase  of  this  rasistanea  dua  to  it 


a 

T 

/ 

T*(rt 

1 — m 

Fig.  6.    Relationship  between  stress  (T) ,  deformation  (T) ,  arKl 
hydrostatic  preiesurn  (S):  a— relationship  between  T  and  5  for 
given  V  \  fr— lorn-,  ol  hinctions  tfj  (D  -       and       (W  ■  tan  • 
c— parameter  A(l)  or  B(0  changes  with  time 
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Equation  (31)  la  siibBtltiitwi  JMO  Urn  cquatton  Of  itato  (22} 
wtMT*  function  X  will  be 


09 


Panawtert      .  i(d ,  m,  «id  n  m  obtalmd  ton  Om  tri- 
axial  oompression  vtwtB  ar  torikm  and  oompratalon  lasts  undsr 
creep  condiuons ,  Chdnges  of  A  (4  In  tlim  and  its  ralation  to 
tmuwratura  (fl  of  tha  ftesaa  soil  are  defined  by  (9),  (10),  and 
(13t .  Parameter  B(4  is  also  a  function  of  t  and  9.  but  to  a 
leeier  degree.  As  proved  by  the  esiparlieents  tor  sand  and 
sandy  loam,  this  paiameter  does  not  depend  eMiar  on  t  or  on 
9,  Parameters  m  and  n  tor  all  fresen  snlls  do  not  depend  on 
t  and    it  is  possible  that  tor  some  soils  mun.  In  this  esse 
<aO  and  (331  are  frsatty  simplified. 

If  defbrmatton  rate  t  is  snbstltuted  in  the  abovo  oquationB 
fbr  defcrmatloB,  the  equations  ean  be  used  for  flow  oquatlens 
(19  and  (19  too.  In  this  ease  value  T.  will  equal 

3  s  4^  9  tan  t,  which  Is  described  in  detail  later. 

gam  OP  VLTMATB  smm 

ProUesM  of  HltUHte  eauUltaitm  are  solved  by  solving  ttie 
aqidlibMum  eqtietlan  end  Hie  equation  of  state  of  ttltusate 
stress,  nor  SHMtlels  havlnv  cnep  properties,  the  time  effect 
should  be  oonelderBd.  because  %nth  continuous  load  applioa* 
tton  tlw  resistance  deoumshes. 

Par  Crosen  soils  heving  equal  resistance  to  oompression  and 
ttmaion  and  wltbout  intenial  Motion,  the  ultimate  state  Is 
described  by 

T  >  8(t)  (33) 

where  S(d  ■  r,(0  ■  a^ld/Ji  is  ultimate  resistance  in  pure 
shear  end  O,  is  ultimate  reslstenoe  In  compression  or  tension, 
time  dependent. 

The  change  of  S  with  tine  Is  described  by  (1  7) ,  if  value 
0  =  (l/v'3  )fl  IS  substituted  for  3- 

For  frozen  soils  having  different  resistances  to  compression 
and  tension  and  having  interaol  filcttoB«  ultimate  oqulUfarium 
can  be  described  by 


(3« 

the  octahedral 


T-  S(«  4^9  tan*(d 

whave  4{i  is  the  aagle  of  internal  ftletlon  on 
plane. 

As  tho  failure  stress  depends  on  the  Ui3r:  cijro^inn.  Its 
ultimate  stroight  iino  IT  -  o)  (Fig.  7a)  will  corrcspoinl  to  each  t 
value.    The  chflncje  in  tine  of  the  Intensity  of  failure  stress  Is 
Illustrated  by  a  group  of  curves  of  continuous  strenqth,  ecich 
of  which  corresponds  to  s  given  a  vdlj<-     Wiih  ct  =  0,  tho 
curve  coincides  with  the  curve  of  continuou.-.  ;.ifi;:>si!h  in  puie 
•ihiidf .    Value  S  changes  with  time  and  temperature  in  accord- 
at>cc  with  (17)  and  (13).  Value  4  depends  less  on  these 
factors.    For  sand  and  sandy  lOam  eolla.  this  value  < 
neither  on  t  nor  on  9. 


METHODS  OP  CALCVUnON 


end  ersep  [detonnatlflnl. 

The  purpose  of  the  first  calculation  Is  to  determine  the  load 
under  whidi  die  froaen  eoll  In  •  gfven  time  will  be  in  (ha  staio 
of  ultimate  equiUUum.  TUe  meem  that  Iho  relation  between 
straea  oomponente  le  eucb  that  it  results  In  a  proBrosslve  fkmr 
(which  cauaee  niptwe  or  loss  of  siaMUti^  •  The  ealeuletion  is 
Blade  eooordlnB  to  tho  theory  of  uhinete  equilllMum  widely 
used  In  soil  neehenles.  The  equatfoa  is  of  the  ultimate  atreee 
state  with  oonsidaratlon  of  the  time  toelor.  If  the  effect  of 
transient  loading,  audi  as  shock,  wind,  hspect,  etc. ,  is 
requlrsdt  the  ooiWontlonal*momeiitBiy  valtws  are  used  in 
ealoulatlona.  If  the  efitet  of  rolativo  shoct-lfved  loads  is 
InvoetlQatad  (tor  Instance,  when  designing  temporary  supports 
of  toxen  eoll,  to  be  used  fbr  ntfnlng  shafts^  ti«nehe«<  eto. « 
with  the  help  of  aittOcUltaeslnri,  the  values  ooirespondlng 
ID  the  known  load  duntton  are  takes  for  eoteulatlon.  H  0m 
effect  of  the  ultinate  centlnuous  load  Is  eenslderad  (for 
Instanee,  design  of  foundatiead ,  the  ultimate  continuous 
values  ara  used.  Based  on  these  calculattons,  the  ultiaiaite 
load  value  Is  obtained  into  which  e  tocttr  of  safety  is 


Celculetlone  for  creep  CdafbrmatlOB]  consist  of  deterailn- 
ing  flw  stress  with  which  dsfbrmatlaa  wtthln  the  set  lead 
duration  will  not  snesBd  the  maidmum  value  allowed  for  the 
construction.  Calculatlms  are  made  in  ecoordanoe  with 
craep  tiwory.  The  basic  equation  is  the  rheologtoal  equation 
of  state. 

Tho  osleuiatlaas  ara  staipllfled  if  detormatlon  development 
and  raduotton  of  sMngth  with  time  need  not  be  detatmlMd. 
and  the  final  values  of  deformation  and  strangtii  wltiiln  the  set 
padod  (ooiMtruetlon  seivtoe  Ufa)  ara  adequate.  In  this  osse 
13»  oalcidatMns  for  dsfbrmatlen  en  boMd  en  voluee  A.  and 
of  (31)  (II  tho  eibet  of  the  hydmatatlo  pnMUM  Is  not  ooih 
siderad,  ■  a  (|  for  the  calculated  period  t,,^  The  vvbies  A|  and 
Bj  are  determined  directly  finm  Pig.  6o  (if  «  is  not  tskm  into 
account  In  Pig.  54 ,  by  the  curve  plotted  ior  fa .  These  values 
of  Aj  and      are  substituted  in  (32)  for  x  in  (22  ,  the  equation 
of  state. 

Tor  strength  calculations,  substitute  finite  values  S|  and 
t^  corresponding  to  a  given  tj  into  the  equation  of  ultimate 
equilibrium  (33)  or  (34.  These  values  are  determined  from 
Fig.  7a  for  tho  given  value  of  tj. 

Calculations  for  structural  foundations  in  frozen  soils  end 
data  on  permissible  pressure  values  are  given  [l.  Si; 
artifically  frozen  soils  are  also  covered  [  2J . 

Here  are  three  problems  which  the  author  conaidsrs  worthy 
of  discussion: 

1.    Validity  and  expi-aji-m-f  ol  (hi'       d  5  of  thr  continuous 
strength  limit  and  of  the  division  of  defornuilion  into  the 
d.^mp-3d  ^.nd  ^.ndamped  typos,  remswbsrlng  that  these  Ideas  ara 

pur'--lv  irhltr.iry. 

J     Lv  ilu.iilon  ol  ihe  [jrofyrjod  cquollons  of  deformation 
fcrt-.  p)  and  Ol  strength  reduction  of  frozen  soils;  then  comparl- 
iov  of  these  equatlone  witii  expeHmontal  data  obtained  by 


j.    Direction  of  further  Investi^iutions  in  the  rhoology  of 

frozen  soils  and  ways  of  using  the  results  of  these  investi- 
gations In  the  design  and  construetton  of  foundations. 


Frozen  soils  used  as  foundation  or  construction  swtsrlals 
should  be  considered  with  wsps<A  to  ceatinuaus  stranglh 


Pig.  7.  Vltinwte  state  of  fmsan  soils:  a 
between  T  and  9  at  different  times;  b— curves  of  continuous 
strangth  with  different  9 
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DISCUSSION-SESSION  6 


O.  B.  ANDERSLAND— PhyslcomechaiUcai  PiOpartlei  Of  PlOKen 
Soil— My  comments  are  directed  toward  the  papers  on  creep 
of  frozen  soils  and  to  the  session  subject. 

Iho  tlnw-depoadont  plastic  deformation  of  Cronn  aoll  undw 
oonatant  devlator  atrasa  la  knowm  as  creep.  iMpoettOB  of  • 
typical  laothamal  constant  ilevlator  sties  s  creep  curve  tot  a 
i  clay  (Fig.  lA)  reveals  some  of  the  complexities  of 
After  an  Initial  attain.  Cj  (obtained  immediately  upon 
^  Iha  eraap  nta  «laer— wa  over  the  ptimaiy  stage  of 
remains  almost  oonatmt  ovw  Hw  saoondaiy  ataga.  and 
inanaaas  over  the  tertlanr  atao*  imtll  tecninated  tqr  niptura. 
For  vary  iawU  davlalor  anaaaas.  tite  tertiary  stage  may  not  fan 
raaehad.  Sangar  and  Xapiw  [1}  presents  curves  on  aavanl 
aotla  obtalnad  far  taavtmtims  doirn  to  20°  r  and  davtator 
atxaasaa  e(  10,  SO,  and  80  pal. 

If  tha  aoU  atnietufa  liad  ramalnad  eonatank  dufins  the  creep 
» nta  would  have  remalnad  oenatant  and  tha 
I  eiava  would  have  baan  a  atmght  Una.  Tha 
obianrad  ehangas  In  eraap  mte  Cng.  lit  widar  a  oooatant 
davlalor  atraaa  and  taapaiaitun  aniat  artaa  tarn  ohangaa  in 
Um  fkosan  aoll  atroetiva  raaultinp  bom  tho  enap  pnoaaa. 
Ihaaa  ehanoaa  In  almetim  eonpUeula  ft*  eraap  praeaaa  and 
hladar  dlract  aitpadmantal  analyaaa  of  cenvonaenal  eraap 
euma.  aimpla  thaotatleal  appioarihaa  to  tfao  aelmionof  tha 
eraap  piofalam  an  Inaffiaetlva.  SpaoM  aatpartOMnla 
niquea  muat  bo  employnd  to  awaaura  ttto  oCfeeta  of  I 
er  Bttoat  on  tha  eraap  rata  under  eonatant  eemdltioaa  of  i 
two.  te  addUtsn.  liiaae  aaaio  loehnlQuaa  rnnat  ba  tiaad  to 
avaluata  tha  tafluanea  of  dlflarant  attuetivaa  on  tho  atraaa  and 
t  laws  far  eranp. 


BFFICT  or  TBMnmTURB  ON  CRBBP  RAXE 

Sevanl  papers  [l .  2,  9]  ahow  a  naad  far  more  inlormauon  on 
the  tnflwenoa  of  ttmpentnra  on  eraap  rata.  Dora  14}  statos 
ant  uwMp  em  eo^  occur  as  a  raault  of  aona  tharaiaUy  aetl* 
valad  defarmetton  maehanlam.  If  tfiamal  aetlvatlen  did  not 
oeeiWt  tte  plaatle  alnln  obtained  at  a  «lven  taaiparaturo 
!  only  OB  tte  applied  atraaa.  The  tlsia- 
anenana  In  froaen  solla  nuet  iherafara  ba 
atiaMlated  by  oeMimwd  thensal  exettatlon  of  dafarawtlon 


An  hypelfaasla  wkldi  niatas  the  ttna-depandant  eraap 
phanoaMnon  of  fraann  Mil  to  taaiparatiin  and  other  varlablos 
might  ba  baaod  on  ttothaeiy  of  rata  proeaaaaa  [$].  This 
theory  haa  met  with  oonaldarablo  succaaa  In  tha  atudy  of 
many  dUfareni  meteviala  audi  as  unfiOMn  sella,  eannles. 


n  ■1'" 


B  S 

N 


IS        «0        lis        iM  iw 
.m     tSM.  Twc  c««*  «TMai.«'itf* 


SMtalS,  asphalt,  and  concrete  C  6.  7,  sj .   A  general 
expression  for  creep  rate  of  frozen  soils  might  take  the  fom 

«  =  A  (o,  T,  St)  exp  axp  B(I.  St)  (1) 

c  or  d</dT  is  creep  rate;  A  is  a  pBiafflater  which  may 
I  on  stress,  temptnAture,  and  aoll  structure;  B  is  a 
parameter  which  may  depend  on  temperatura  and  soil  smietura; 
o  is  stress;  o^  la  davtator  stress;  T  is  absolute  tampaiatun; 
St  Is  fro  sen  aoll  atnietm:  A£  la  activation  eneigyi  I.e. . 
anarpy  which  sniat  ba  supplied  by  thermal  fiuetwtlone  or 
axtarnal  toeae  for  flour  to  occwf  and  R  la  the  gaa  eonatant. 

Saoondaiy  eraap  ralaa  at  diffiraitt  tMBpantuna  and  at  a 
ooestant  atraaa  ean  ba  tiaad  to  dotamlna  an  ebaaived  aetlva- 
tfeo  eneigy  If  It  la  aaauatad  that  soil  alrueiura,  panmatera  A 
and  B,  and  tho  aetlueiUon  onetgy  era  ralattvely  insenaltlva  to 
■mall  tempeietim  changos.  Also,  one  meat  asaeme  that 
■tructun)  dmngoa  eatiaod  hy  sanvla  defienaatlon  an  Inslg* 
taMng  tte  legartthm  of  (1)  we  obutn 


In  4  *  oenat. 


It  f6Uew8  (hat  a  plot  of  Inc  varsua  1/T  ahould  be  a  straight 
Una  with  slope  equal  to  -  AE/R  from  which  At  stay  be 


A  alaipio  tadmlc|ua  haa  baan  uaad  on  malnla  to  t 
tha  offset  of  tnmparatwe  alona  on  the  eraap  rata  during  a 
eonatant  stress  creep  toat  (9J  •  After  «n  approfriato  amount 
of  eraap  at  a  given  atraaa,  the  tenpaintura  la  ehanBad  quickly 
bom     to  a  aUghtly  dlffarant  tamperatiM.       tte  atrupt 
oliango  In  tanparatun  will  eauaa  a  efaanga  in  tte  «a«p  rata. 
Tte  aiwat  la  ite  aama  |tiat  telm  and  afiar  tita  ehaago  in 
tamparatura.  If  tte  straetun  la  aaaumad  to  ba  MentlosI  and 
parsneters  A  and  0  and  tte  aetlvauon  energy  to  be  constant 
just  prscadina  and  imsMdlataly  following  the  change  in  tam- 
poratm,  tte  change  In  creep  rate  must  be  due  to  the  tempera- 
tura ctaange.  For  a  single  thermally  activated  process,  the 
creep  rates  f|  and  before  and  immediately  following  tha 

abrupt  change  in  temperature  <(om     to  T2  are  related  by 


AC 


*l  axp  ^  .  *2  exp  ^ 
NewTltlng  (4 


AC  ' 


(D 


(4 


fifom  which  the  Observed  activation  eneiyy  can  be  obtained. 

Althoiigh  the  effect  of  temperature  alone  on  the  creep  rate 
may  be  Isolated  by  this  technique  on  metals,  the  observed  acti- 
vation energies  obtained  by  application  ol  (4)  to  fm/rn  soils 
may  be  fictitious.  11  the  dlfferenl  deformation  mcchoirusns  in 
frozen  soil  depend  on  one  another  so  that  none  of  then  can 
occur  without  the  others  going  on  simultaneously,  then  the 
Shwcst  one  (ijsually  w;th  the  highest  activation  energy)  will  be 
rate  contrcl]ir»g.   if  the  mechanisms  are  independent  and  each 
of  them  can  Individually  prcduce  deformation,  then  the  fastest 
one  (usually  with  the  smallest  activation  energy)  will  be  rate 
oontaoUlng  ClO]. 

EFFECT  OF  ffllBSB  ON  CREEP  iWIS 

Pw  vety  lew  ■traases  tte  afieet  of  atraaa  on  eraap  rate  of 
frosan  aolla  la  ■mall  and  oltnn  naglaeted.  Inoraaee  in  siraia 
leads  to  eraap  rate  beeomlng  mora  atrasa>dapendant  11  J. 

An  ovaluatlea  of  tte  creep  rata  dnpandanea  on  devlator 
atrasa  la  usually  attempted  by  noting  tte  effect  of  atraaa  on 
tta  aaoondafy  eraop  rate  for  teit^  conducted  at  a  given 
tampantura.  If  tte  stnietuna  ttot  era  generated  during  cveop 
t  of  tte  devlator  elraa^.  the  rasutta  obtained 
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by  thl»  technlqoo  would  be  acceptable.    N'o  t-v;,t:.  or  the 
Validity  of  this  ssmplify.ng  qualificauor.  -r-  -viildble  (or 
frozen  soils. 

A  technique  somewriat  analogous  to  oim  tax  dctcmining  the 
effect  of  temperatme  on  creep  rate  his  b<;cn  used  on  metals  for 
obtalrung  the  effect  of  stress  on  creep  rate  for  a  given  struc- 
ture .Tj-    It  consists  of  precreoiJing  d  srnos  o;  duplicate 
sp"«:imens  under  a  given  stress  and  temperature  to  a  prescribed 
str.iir\.  tfien  the  stress  is  reduced  abruptly  :c  j  different  value 
for  each  specimen  ot  the  series-    Since  each  specimen  will 
hove  exporl«nc<vd  idcntlo.il  cnrep  ^■.l^;^orle^i.  their  structures 
should  be  the  samr  just  preceding  the  .^Lirupt  decrease  in 
Stress.    Thorcforo,  the  new  creep  r.5tc,  oht.jined  immiidiatfily 
followinq  the  abnjpt  decrease  m  stress,  should  rrllcrt  or.ly 
the  influence  of  stress  on  creep  rate. 

With  dil  the  vaildbles  in  (1)  held  constant  except  davkatof 
MMW.  Hm  •quaUM  my  ha  faMrrtttaa  ma 

T/^kir^  )oc}/tnxhmr.  at  both  itdaa  Of  (S)  9tvaa 

In  «  =      const  '  B  OTj  (6) 
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Stress  Rupture,"  Mecharucal  Behavior  of  Materlale  at  I 


Temperatures.  McGraw-Hill,  1961,  p.  149. 
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Thus,  urtdor  the  condition*  oi  constant  temperature  and  strtic- 
ture,  the  io<jarithm  of  ciaap fiBta  dwuld  be  a  llnaBT  funettan Of 

the  deviator  stress. 

Mitchell  arvd  Campanella  .  1  1 J  .  using  a  different  tochnlquo, 
have  shown  that  the  logarithm  of  strain  rate  is  a  linear  function 
Ol  the  deviator  stress  for  unfrozen  illlte  and  San  Francisco  Bay 
mud  urtder  conditions  of  constant  temperature,  effective  stress, 
and  structure.  They  obtained  strain  versus  time  data  for  a 
aarlaa  of  load  ittcrefflents  from  which  strain  rates  could  be 
datanalnad.  The  logarithm  of  strain  rate  plotted  against 
deviator  stresses  gave  the  str-aight  Uno  rcl.3tlonshlp. 

FROZEN  SOIL  STRUCTURE  AND  CRCCP  MECHANISMS 

Structure  of  frozen  soU  includes  the  composition,  geooietrical 
arrangement,  and  packing  of  soil  particles,  together  with  the 
solid,  liquid,  and  gaseous  phases  of  soil  moisture.  Mitchell 
[S]  uaat  the  number  o(  interparticle  contacts  per  unit  area  of 
eioss  section  aa  indicative  of  a  structure  factor.  Electrical 
rapulslvo  and  atlnetiva  foreaa  acting  between  soil  parucies 
must  Influanea  enap  bahavtor.  Pioparties  of  the  liquid  water 
adjaoent  to  aoU  partielos  influanco  tha  evar^aU  baliavior  of 
fba  aoll  mesa. 

little  information  la  available  on  the  mechenism*  retarding 
or  contributUtB  to  creep  dalbmatlon.   Resistance  to  displace* 
ment  of  two  randooUy  arlented  particles  in  contact  with  each 
other  la  derived  from  three  source*:  (1)  A  frictlonal  reslstanoa 
gonerated  by  notnal  Itaice  transmitted  across  the  interpartleto 
contact,  (2)  e  fOfoe  nqulrad  to  faraak  interparticle  bonds 
(cohesion)  at  poims  of  contact  between  particles,  and  (3)  the 
•fion  that  nuat  ba  axpowiad  to  panait  dilation.  To  cause 
dlaptacoBiant,  olthar  ihioiigh  slidJog  of  tha  eontael  or  bond 
niptuia,  onasBy  atuat  ba  au^ppUad  iar  parties  to  ovafoosw 
poitanttel  onaigy  banlars.  Iharaal  «Biamr  oentalnad  In  tha 
soil  Biaas  and  aailaraal  favcea  era  avallaUe  aa  a  aouiea  for 
•naigy  naeossaiy  to  acttvato  bond  niptun,  Ckaap  dafonM* 
tlon  may  bo  tha  loault  of  activation  and  subsequent  tailura  at 
•  eontaet  as  tha  fosult  of  tbo  acqutsttton  of  sufficient  onaivy, 
Prlmaiy  creep  night  be  cherecterlied  by  bond  rupture  occurring 
at  a  daoraaalRB  rata,  and  saeondaiy  eraap  by  bond  luptura 
ooeunlng  at  a  constant  nta.  Taitiary  creep  could  Involva 
sMvaiaant  of  aoll  partleloa  to  new  poaltioita  of  kwar  aqul* 
Utarlun  enaipy.  Mora  roaoaiich  la  needed  before  we  can  ftilly 
explain  creep  phanononon  In  tenon  soils. 
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DISCUSSIONS 

Ca)  a.  ASSUR— Creep  of  Frozen  Soils— One  of  the  most  | 
nent  characteristics  of  frozen  soil  is  its  < 
caused  primarily  by  Its  ice  content.  The  noad  for  onginasclng 
informauon  he*  precipitated  a  number  of  studios  In  the  past. 
Frequently  eetiUrtcal  expressions  have  bean  vsod  to  < 
the  Intensity  of  ersop  daiorMtlon  as  a  ftmetlon  of  i 
and  stress.  I  would  Ifka  to  volea  of  conoam,  howoear.  about 
aosM  of  tho  talatlens  pioposad  at  this  oonfaranoo.  As  a  nwtter 
of  pnndpla,  cottaln  thaoratleal  sonaldaratlans  should  be 
given  even  to  empirical  or  oooputationsl  equations. 
Sanger  and  Ibplar  piopoaa 

<  >  SO  X  lS-<  slnh  bS~*  OUl) 

for  the  minimum  creep  rate  par  bOW  With 

b=  1.45  exp  (0.029  o) 

Ihts  Is  a  vaiy  ooswUoatad  etqKoaaion  which  Is 
usual  hyparboUe  aina  mintlon  for '»''««——' 
nlation  of  the  type 


«  .  e  (e' 


be/S 


o/c_ 


-bo/S 


a/a 


(A.  3) 

Hie 

It  Is  a 

CA.ai 


whldi  Is  a  vary  Inoonvenlent  enpmsslon  wMh  an  axpoasntlal 
fOfBlns  tha  power  of  two  eibar  eKpooaatfala,  An  aquation 
which,  aooonUng  to  iho  auMiors,  applles  wltMn  die  "boundaxy 
conditions*'  (sld  or  limits  of  lh«  tostt  should  be  oenatraetad  In 
anioh  simpler  farm.  If  a  mnes  compUcatsd  equatien  la  used.  It 
ehfiuM  bo  SMBntaaful  flue  boundanr  ^mmMUmmm  m  iiiat 

ths  limited  test  data  can  be  expanded  and  extrapolated  to 
me.inlngful  results  rather  than  be  misleading.    For  example, 
at  32"  r .  the  melting  point  Of  ordinary  ice,  the  soli  should  sUU 
behave  as  ar.  engiiveerlng  material  with  a  certain  f.rute  €rsep 
rate.    Equation  (A.l),  however,  gives  f  =  00  for  8  ^  32°F 
although  this  temperature  is  included  in  the  test  material. 

A  me,inlt>g;ul  creep  <!qu.^tlon  should  give  <  =  0  for  O  =  0. 
Equation  (I)  ,  however,  gives  a  finite  creep  rate  for  zero 
sire-i.s  at  each  teraperature  since  b  =  1.43  for  O  °  0,  except 
for  32' r  when  ttie  creep  r.».te  becomes  Infinite  (OT  SOCO  StreSB— 
which,  ol  course,  i.s  not  possible. 

It  IS  interesting  to  riote  that  Vlalov  propoui-a  e  juations 
Which  are  simpler  to  use  and  exhibit  none  of  the  deficiencies 
Of  (A.  1} .  Sy  oonaldetlng  Vialev'a  (14)  and  (10 

1/m 

i  ■  oonst  r-r-  (A.4t 

(6  ♦  1)"'^"' 

for  tho  craw  rata  at  a  given  time.  Ibis  equation  will  give  a 
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finite  croGp  iMe  for  the  freezing  temperrtture  0  (9in  "C)  ond 
wii;  fllwayo  corroctiy  oxtrapolatr  to  ;'.<.'to  ci'-'-p  Uir  .-cm  Litross- 
It  villi  not  give  an  infinite  creep  r.dc  for  zcrn  stress  at  ihe 
meltlr>g  potr.t,  ns  (A,  1)  does. 

Equndor.  (A.'i),  liowevi^r,  exiiibits  other  principrii  ana 
diner.sion-ii  d;!llcullifS .    It  will  not  extra  pol.Hc  to  .1  linear 
reidtion  ber«reen  (  antl  o  loi  small  a.  as  11  is  observed  and 
re^^ulrei  for  Nevsrtonian  viscot-ity.    Co:  Jlmenslonal  corractlMSK 
the  denonir.ator  of  (A.  4)  should  l:<-  w:iit<»n  either  as 

(9+9  )^   "  01   (6  0    '  1)*^  ^  mtroduclnij  r.-illy  a  fourth 

O  G 

constant.    The  power  k/m  would  ir.  Iir.>ti'  ih  it  the  tcmpotaturc 
effect  would  depend  upon  the  power  1    m     I  (or  the  stress— 
which  IS  Itself  strcss-dependont  .it:corclng  to  observations. 
Tht>  real  difficulty,  however.  Acs  ir.  thi'  f.ict  that  the  con.iian; 
of  tA.4)  has  no  definite  dimension,  Mnc<<  Its  dlmsntion  will  de- 
pend upon  k  and  m  which  are  m-atcna;  rcmst.w.tfi  md  stress- 

<ltp*nd*nt.  A  cru«  phyucal  consunt  should  change  its  valua 
bat  not  Its  dlnwnslon.  depending  em  tlte  matMlal  and  Iti 

properties. 

We  come  to  the  COnoluslon  that  much  further  thought  should 
be  devoted  to  the  propar  choice  of  creep  equations.   Also,  wo 
should  consider  that  there  Is  a  continuous  transition  between 
ftosen  and  unfrozen  soil,  depending  on  the  unfrozen  water 
content.  Ihls  general  transition  should  be  properly  reflected 
in  future  theoratlcel  woifc  aa  well  aa  in  equations  describing 
•NpeiMMntal  retulta. 


(8)   r.  J.  SANGER-Physconechanical  Properties -These 
comments  .arc  by  an  cngin'  i^r  [ncn-  iriterested  In  the  use  of 
frozen  soils  in  construction  th.i.-i  1:,  thi-ories. 

The  moderator  has  classificii  the  iJ.ij-ier?  iirvdor  three  head- 
ings.   They  may  also  be  dividcri  into  :w;>  yroi.p'j:    (1)  Test 
data  for  pr.ictical  engineering  apphcatjon,  showiny  fro/«>r. 
soil  btih-ivloi  under  environmental  changes  of  tempenture 
and  siros:;,  .jtid  (2)  Studies  Of  rheological  processes  for  the 
formulation  of  theorioi  fof  Mnoono  else  lo  apply  (the  more 

difficult  job) . 

Kersten's  paper  prcs.::nts  his  well-known  i.-:..rve.';  c'  thermal 
conductivity  that  have  been  so  valj.jble  lor  rrutiy  yutii;.— his 
original  report  is  a  classic— plus  some  .^n.^lysis  and  rt'cent 
referervces.    The  most  recent  R'jssii?.n  tables  (196!)  of  con- 
ductivity and  heat  capacity  are  Eimil.arly  b.aserJ  on  t^vo  SOll 
rl.TSSCS.    E  drew  curves  similar  to  Kersten's  and  faund 
excellent  .lyreemcnt.    CRRE:.  u.ses  tne  Kersten  curves  for  nearly 
all  comp-jt.]:ioris  involving  heat  condu.-tion  in  soils. 

Kaplar's  report  cr  the  study  0(  dyn-^ruc;  moduli,  although 
also  perforrr.ed  0  few  yc-nr^  ago,  fihould  t.v  b<'tler  known.  I 
u.'ied  hiii  drit.=i  to  ev:ilu3tc  the  sprins  constiint  lor  trherking 
the  behavior  ol  large  :o.otir.qs  under  dynamic  lo.idmy  on  pcrmo- 
frosl.    Such  eKpfrirner;  ■! ,  however,  ne.ad  j.Tiplificntion  by 
studies  on  the  iMrnpir,g  character. sties  of  frozen  soils.  Thc>5c 
stu'iics  .3te  now  in  pro^^Ieii.^  .it  CRREL,  but  by  t-i'chni.;  ues  n.j'jeJ 
on  longitudinal  and  torsional  forced  vibr  .tions  in  tnaxi.il  con- 
ditions.   Complex  rtvoduli  and  an  angle  ot  .  -.g  La.;;,  d  on  the 
Vlsco-elastlc  theory  .Dre  uscil  in  nnnlysi^.  but  no  p  irticular 
rheological  inodel  h.]  5  yet  Ixjer  di'vi.-u'd. 

Wtken's  Important  work  on  the  effect  of  surcharge  In 
reducing  frost- heave  under  pavements  Is  based  on  theory, 
observed  Uboratory  effects,  and  small-scale  tests  at  air- 
fields.   CRUEL  Is  studying  the  effects  on  a  largo  scale  at  the 
Maskan  Field  Station.  Tairbanks.   Results  are  already  valu- 
able; but  some  aspects,  notably  edge  effects,  have  been 
diiflciilt  to  analyze:  and  (ieldwork  i.i  cor.tinuirx).  These 
tests  will  undoubtedly  Improve  the  precLilon  of  engineering 
design  very  soon.   It  is  one  thing  to  know  an  effect  exists; 
another,  to  transfer  the  effect  to  a  di^slgn  that,  at  best,  is 
empirical  and  costly.  Analysis  ol  heave  observations  on  air- 
field pavements  shows  that  heave  Is  from  S  to  tS%  of  the  frost 
penetration  into  a  froet-susceptibla  subgradc,  with  about  10% 
at  a  comnon  ratio.   For  this  reason  I  analyzed  Aitken's  data 
and  acrtved  at  the  ouivea  of  the  figure  shown  (Fig.  B.  1) . 
Futura  tests  «rlll  aid  In  Aeektna  these  prallnanwy  eunws. 
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However,  they  apply  only  to  F^irbinks'  test  conditions,  ol 
which  depth  to  ground  water  is  important,  since  observation 
ar\d  theory  show  that  energy  from  the  Irceclng  of  water  must 
i  re  ,te  .1  moistufe  gradient  as  well  as  oveioone  nalstanee  to 

tii'ave . 

Yong,  with  Tiany  years  of  laboratory  experience  in  the 
rheolc>gy  of  frozen  soils,  is  oDserving  effects  with  carefully 
planner  experiments,  but  faces  a  complex  problem  in  sorting 
l.ie  many  Inlerconnertod  parameters  to  establish  a  satisfactMy 
theory  of  (rozt  n  Moil  rheology.    Some  test  cor«litions,  such  aS 
remolded  soU.^  .mv.  ■.•■■ry  oon-.plex  sire.is  patterns,  wiU  be 
particularly  dllfu-.jlt  tr:  mtr-rprct  and  apply  to  engineering. 

S.^nger's  report  on  CRREL  laboratory  studios  dirfirtnd  by 
K.^pi.^r  merely  presents  data  showing  the  behavior  r.'.  .1  wid-- 
range  of  natural  soils  (which  are  well  described)  in  unconfined 
compression  at  steady  load  and  temperature.   These  prelimi- 
nary studies  facilitated  the  plannlr>g  of  more  precise  Investi- 
gations, now  upder  way  at  CRREL.   The  paper  gives  numbers 
that  I  have  used  in  engineering  design,  but  adds  little  to 
theoretical  knowledge.  The  data  indicate  that  no  simple 
equation  covers  all  possibilities  and  that  equations  must  be 
developed  for  estimating  deformations  that  are  valid  only 
within  specified  limits.  Using  a  separate  time  fuitction  seems 
more  promising  than  using  strsln  rate.  Careful  sample  ptepa* 
ration  and  full  description  of  speclaiena  and  test  conditions 
are  inpoftant.  Investigators  In  bozen  sOU  ibsology  do  not 
always  present  this  vital  information. 

Tsytovlch  presents  the  dcvoiopmeni  Of  Ms  early  woric  on 
the  dependence  of  mechanical  propenies  on  several  factors« 
particularly  stress.  This  is  the  most  difficult  effect  to  allow 
for  in  engineering,  even  by  empirical  methods.  Recent  de- 
velopments based  on  studies  in  his  laboratory  show  how  really 
difficult  it  is  to  predict  thaw  consolidation  with  precision.  A 
design  method  based  on  equivalent  themal  dlffusivity  is 
difficult  to  apply,  since  it  involves  the  assumption  of  the 
tampeiotiwe  regime  with  which  to  start.  I  have  used  It  only  far 
comparatively  simple  problems  but  agree  that  It  is  a  valuable 
technique  In  the  hands  of  an  •xperlenead  engineer. 

The  instability  of  medtanieal  prapertlea points  up  to  the 
important  truth  In  froun  ground  engineering,  that  tiMnsal  and 
rheological  computations  cannot  be  separated  owing  to  their 

•1  1  1  1  1  1  1  


t.  DAYS 

Fig.  B.  I .  Ratio  of  heave  to  frost  penetration  with  time, 
sittdiarBe  end  heave  of  pevenenu 
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WMk*  avallaU*  tn  CngUrfi.  Tto  •quatton  ha  hai  adrtpMct, 
Unking  lead  and  duration  of  applleatiOR  to  cause  failure  bf 
plasUe  flow,  la  vaiy  oMivenlant  ftar  englneerliiv  dealgn  deeplte 
tfaaofatlcwl  drawbacks.  Vlalov.  TsyWvlcli,  Khakimov.  and 
ttOmn  him  been  using  the  fonnala  sueoessAilly  for  more  than 
six  years.  I  have  used  ft  for  sosm  tUse  in  the  dealgn  of  artl- 
Ckdally  boaen  Ice- soil  cofterdems,  the  proMeai  Vlelov  started 
out  w  salve  less  than  ten  years  ego.  Laboratory  creep  teata 
fMi  undisturbed  samples  give  pairs  of  values  for  ttress  and 
time  to  failure,  but  computing  tha  oonatants  B  and    is  slow, 
and  anors  are  easily  nnda.  Following  Vlalov  by  plotUng 
points  of  the  reciprocal  of  stress  on  a  base  of  the  logarttbm  of 
tine,  I  have  always  bean  able  to  draw  good  straight  lines  from 
which  to  read  off  strees  values  fiar  two  convenient  tlaies.  My 
nomogram  (Fig.  B.  3)  Is  then  used  to  determine  the  ultimate 
stress  for  the  life  of  the  structure,  imually  less  than  one  year. 
The  values  thus  obtained  tai  savecal  temperaturas  provide, 
with  a  aafety  faeter,  uaeful  design  flgutes.  the  nomogram  la 


only  aa  good  aa  the  basic  equation,  wtalcb  Is  the  best  we  have 
at  preaam. 

CumBMT  PKOGIIESS  IN  CREEP  OP  FKttEN  S0IL8 

Design  using  only  cdieslon  bssed  on  unconflned  compression 
tests  Is  slmpllBed  but  not  economical,  especially  at  high 
pressures;  so  the  great  value  of  tihe  nensal  sMss  in  increaa- 
Ing  shear  resistance,  as  discussed  fey  Vlalov,  becomes  im- 
poitMM,  Unfortunately,  no  really  gced  tedhnlquea  or  test 
•pparatua  have  been  perteetad  aa  yet.  k  combknation  of 
simple  tension,  simple  compcosslaoj  and,  pesslMy,  various 
oOhaslon  tosts.  has  owny  drawbacks.  Twislon,  eonvresslon 
and  a  pure  dwar  test  using  a  hollow  cylindrical  speclaien  is 
posslUs  but  difficult.  The  trlaxial  compression  orsep  test  Is 
probably  ideal  and  Vlalov  once  worked  on  this,  but  I  have  not 
seen  his  results.  CRUEL  is  now  woiklng  on  tnaxlel  creep 
tests  down  to  about  0*r:  bslow  this  tsmperatura,  design  of  the 

St*  Stress  to  couta  failure  in  time  (l)  hotfrt 

0  ond  B  Soil  conslonls  (temperature-dependent) 

Fdt  time  scoles  other  thon  those  given 
ton  o, where  a  is  the  ongle  beiween  the 
iarlniiM>f  (^U) 

S|  •  2800  psi  (o) 
Sk>«  1900  (b) 
Required !  S  at  3  months 
Jgin  ob  and  product  lo  3  ma  scole 


CO 


rig.  B.2.  Ralatlon  I 


I  stress  and  time  to  failure  in  creep 
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In  the  short  ume  at  his  disposal.  Vlalov  outlined  results  Of 
hlB  many  years  of  pioneer  work  In  the  rhcology  of  frozen  soils. 
Because  of  their  litiportanco,  CRR£L  is  n-.akma  his  t^vc  cciun 
apparatus  t>ecome»  quite  «  problem,  hui  ;o  --iu"r  M-.'nr;  j(t-iir.- 
able.    In  the  post  two  yc.u-;  r^>r.5i:1(!rjblr  interest  has  boon 
aroused  In  the  stornso  ol  liquehcd  natural  ^is  <it  abciut  -Zfau'F 
In  large  open  pits  excavated  at  ground  surface  and  ih^n  roofed 
over.   As  a  result  some  private  laboratories  have  obtained 
Interestino  dtitd  on  soli  properties  at  cryogenic  temp«ratures. 

Here  are  4orr.e  propftrtins  for  silts  and  clays  in  the  tempera- 
ture range  from  14°  to  -  320  F:    Thermal  conductivity  about 
doubles  In  m.5gnit'„':ie  .is  tcnFerjture  falls-    Specific  he!\t  falls 
■jhar[j]y  with  temperature.    Thern.il  dit":u:-.iv/lty  nsc^  .tbojt  10 
times  with  iallirg  tenperatures  .    'J n c o n r i n f.^ d  c o fn p : <; r. m v g 
Stfenoth  rises  ubcut  2S  tmes.  is  t.le  temper ai ure  l.-.llf.  to  the 
liquid  nitrogen  level.    Young's  modulu.s  uk-ti-.is<-:;  rnort-  ih.ir. 
100  times  ,15  the  tenperature  falls.    Sii,--iti  .ii  l,iili.;i-  l.jlls 
rapidly  with  temperature:  e.g.  .  from  about  20^56  to  less  than 
I* .   Coefficient  of  thermal  conit.M  tiori  tor  nMtiral  Mils  dMS 
not  vary  much  «s  the  temperature  fall*. 

Research  Prcblens 

Of  mriny  chrilieng;n<i  questions  here  are  «  few  :o  provide  Ideas: 

1  .    r^^o  all  soils  pass  into  the  third  st-a.^a  of  cre.jp  at  some 
finite  time  depending  upon  the  usual  soil  parameters  plus 
stress  and  temp-erature  ? 

2.  What  IS  the  best  way  to  obtain  the  V.chr  i  rvelopes  for  .i 
frozen  soil  which  creeps?  Until  we  have  th'-  ji'  i-r  vfi  ipi.-;  it  is 
necessary  to  estimate  ^(t).  a  tloie-dependent  "(nctton"  angle, 
II  the  full  shear  strength  is  to  be  used  In  design.  This  is 


undesirable,  so  o  is  nearly  always  ne^ilected. 

3.  Is  It  possible  to  find  equations  for  creep  deiormatlon 
atxi  strength  th.ii        b«  used  in  englMSrllie  dMisn  and  M  th* 

same  time  salitiiy  tJieoreticlans  ? 

Vialov's  formula  (7  =  iJ/In  (t /B)  fits  all  experimental  data  I 
hovt^  'in<ily7ed  so  far,  .and  3t  leost  for  short  penods  of  time  is 
S<iti  st-j'Ttory  in  cngineerinij  desujn.  liiut  doubt  axlStS  WtWII 
desicjn  numbtTS  are  obttjine.J  by  extrapoLatlon. 

4.  Forgiven  soil  at  constant  terr.peratare    djes  the  final 
stage  of  creep  occur  at  a  con«.tani  strain  ?  Evidence  contradicts 
it  so  I.ar,  but  so.T,f  in'.'estig.itor  s  .ipp..iiiT.tly  lh:nk  that  a  limit* 
Ing  strain  coniiolf.  t^.<-  onsi-i  ol  l.nl.irr'.    Thi^:  h.irk'j  tack  to 
••riy  hypoth'- •r-y.jnliny  l.iilure  01  5r>]id  iodies  under  Stresa* 

5.  The  Tsytovich  h.tll  P'.'netr[:>mcter  tost  Jr>r  cohesion  is 
som<»wh.it  .-i>nt!nverL;i.3 1 .  possibJy  beirji^se  of  kr^own  drawhs^s 
in  th'^  Prinell  test  for  Jiet.als  and  aoubts  regarding  the 
Ishlmski;  theory.    But  the  ti-st  i.s  attractive  and  practical  and 
should  Ln-  thoroughly  mve.'iti.j.ited  to  clear  up  doubts.    In  the 
rei-iT.t  rj.tion  o;  h:ti  Uiok ,  Mekh.uuka  Gruntov.  Tsytovich  also 
show.s  JUL  it;t iTe 'Uinig  setup  for  using  iargp  l>3ll  pcnj^tron^^ters 
(50  cm  in  d;.<netor)  for  design  of  found.ations  on  unfrozen 
cohesive  soils.  Indicating  his  rorfidence  in  the  principle. 

6.  Asid*'  Irorr.  r-ree[  pihr'r.cmcn..i ,  rrse<rv7h  into  the  losponse 
of  frozen  soil  lo  nyn.-imic  IOiidir..;j  ha?  yre.U  tvntenti.al,  such  as: 
(a)  Wave  prr:f  .j;jati<.in  ir.  fro/^rn  soils.  (ij)  trl.itiotiNhip 
tween  time  to  failure  m  suddenly  applied  increasing  load  and 
ultimate  reslstar^ce  to  failure.    In  all  frozen  soils  tested  so 
far.  resistance  increa-ies  i?)  t;nie  falls:  but  the  reverse  occurs 
in  If'.h  w.iter  ice,  ar  i  i:onr:i.,v.ib;y .   it  hic;h  icc  concentra- 
tions. Ultimate  strength  may  not  vary  much  as  the  rate  ol  load 
iMTMMt.  This  ailould  be  liiv«tti9«tttd. 
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SESSION  VII 
EXPLORATION  AND 
SITE  SELECTION 


PHOTOINTERPRETATION  IN  THE  ARCTIC  AND  SUB-ARCTIC 

R.  E.  FROST,  f>  H.  MeUKHUI,       R.  D.  ISlGHTy,  U.8.  Arny  Cold  Ri«laiM  RsMareh  and  EnfllAMrlng  Uboratory 


Sucreasful  use  by  engineers  of  remote  and  often  Inaccessible 
ari:  !3  15  CLi'.nngent  on  knowing  tho  .dontity,  physical  praper- 
tles,  ririii  ;li5tribution  of  soils  and  recks  jnd  their  behavior 
when  fii  !.:iirL.irii . 

Iri  rr.u'-h  q!  :hi'  I'm-'.lc  fmd  aub-Ajctic,  p^obleins  facing  the 
onirc'T  .irij  [jri'd'.ly  i_:om;-.;:untJt: J  i>ocnuse  of  the  interplay  of 
certain  ol  tho  cr^vir v.r.rnin'.rtl  -su**.-i:jt-'S  wUich  have  b*?en  rf^spon- 
slblc  for  severe  sujsonjl  Irr  r,;  .nr'.ivity  in  the  surfjc-j  layers 
and  the  presence  o!  permanently  Ir-zrn  r..i!!Tinls  IkU  iw  LTue 
surface . 

Thus,  the  poor  soil  areas  can  be  eliminated  almost  entirely 
by  study  of  photos  and  the  field  study  can  be  concentrated  on 
those  areas  best  suited  to  construction  or  where  special 
desl9n  features  can  be  incorporated  if  a  slruatura  nttSl  ba 
Sited  ir.  an  area  of  relatively  bad  soils. 

Research  in  the  laboratory  and  in  the  field  conducted  by 
Purdue  Univeriity  txttween  194S  and  liiO  resulted  in  dovclop- 
nent  ol  a  technique  for  obtaining  Informatlort  about  the  identity 
and  condition  of  frozen  and  unfrozen  soils  and  rocks  and 
•  Stablished  the  value  of  airphotos  in  arctic  and  subarctic 
engineering.  Many  large  Installations  constructed  in  northern 
lands  uwe  port  of  the  fluccess  of  their  parfarmance  to  the  sue- 
cesatul  use  of  airptaolos  to  obtain  engineering  information. 
Mud)  research  has  been  done  (o  improve  photoana lysis 
methods,  and  mueb  reeearcb  la  undarway  to  detamine  best 
film,  filler,  scale,  ttaae  ol  year,  aic.  New  aaniara.  automa- 
tion, and  ootapu  tar -oriented  surveys  oon tribute  to  new 
analytical  nwthods. 


MCnC  TERRMK  ANMXBU 

Study  of  an  area  consists  of  three  major  au-'i.-',:  (a)  Critical 
analysis  of  a  region  by  emphasizing  interplay  at  environmental 
stresses  responsible  for  origin,  composition,  configuration, 
and  condition;  (b)  conducting  very  detaited  study  of  minute 
surface  features  of  an  area— the  component  parts  of  a  surface, 
often  called  pattern  elements,  and  (c)  summation  and  verifi- 
cation of  findings  . 

The  degree  of  agreement  between  regional  and  local 
aspects  must  be  determined  so  that  predictions  can  ix'  n.idi- 
concerning  the  charactrristlcs  ol  the  arei-> .   After  th.s  tjic 
analyst  has  ••vhlch  tf.Trr.ks  intorf:r<^t  Uicn  3:  th-j  rosults 

within  the  iru.T.cwork  of  specific  Job  requirements— whether  for 

.  ii  jir  eo^rtng.  agrioulture,  •ooflooilc  davelopment  oc  some  other 
ru.-       ..vir-g  basic  in-inclplas  art  necessary  for  suocessfiil 

jnalysi;.  ul  airphotos: 

Airphotos  record  landscape  patterns  which  shows  thi-  re- 
sults of  the  relation  between  origin,  composition,  ^iynamic 
factors  of  physical  development,  onii  lor-.d  use. 

Airphoto  patterns  are  repetlllvi'  and  the  information  content 
ZlIt.  be  extended  from  area  to  area  only  if  the  origiii,  c-ri^o- 
aition,  and  dynamic  landscape  development  are  repetitive. 

The  elements  of  the  natural  landscape  pattern  ate  landform, 
drainage,  froslon,  trjnes,  vegetation,  land  u.^e.  and  leatures 
Indigenous  to  the  area. 

The  elements  of  the  pattern  of  culTural  development  of  the 
landscape  arc  related  to  such  b,j3lc  urban  or  rural  functions, 
or  lioth.  as  residential,  industrial,  governmental,  institu- 
tional, recreational,  municipal  aervioea  and  faelUtlea,  and 


the  transportation -communicaiion  net  which  binds  them 
tooether . 

Photoanalysls  and  interpretation  of  natural  landscape  pat- 
terris  prtsurposi-  use  of  basic  principles  of  the  earth  sciences 
so  that  full  cor.siderotlon  con  be  given  to  the  relation  between 
ar:gl;i,  i:o;T.posltior; .  and  dynamic  laridscjt*.'  devc]orrn<.'nt . 

Ph£ili>.ir..i;y:,Li  and  interfiretation  ot  cultural  dcvelGpmi-nt  of 
the  ■.>i-.di..cjp<'  nuist  roti.slder  the  degree  of  terrain  cjltcratlon  or 
adjptouon  to  suit  specific  needs  as  may  be  influenced  by  such 
factors  as  tradition,  hiaiortcal  accldeni,  aoaoomles,  or  anvt'- 
ronment . 

Regional  Ajialvsls 

Reglona  cmn  be  studied  auccaasftiUy  throtigli  smaU-acala  araal 
pboloa,  aaaamblad  elthar  la  mosaic  or  tat  pheto-^lndex  form. 
Scales  varybig  between  1  lo  40.000  and  aboyt  1  to  100,000 
may  ba  uiad,  parhaps.  for  all  but  ttae  most  complex  areas . 
Detlnlna  major  paliams  that  charaeiartae  die  leglcn  of  intereat 
(Figs.  1  and  2)  reveal  location,  eoenomte  pursuit,  physical 
makeup,  origin,  and  diaiaie.  Itaus,  roglOBal  analyats 
appraises  geography,  pbysiogtaptiy.  geology,  and  eUaaia. 

Study  oi  the  geography  inoludas:  Jtn*  tooatlon,  aiae, 
shape,  and  boundary  conditions;  spatial  relatlattsblps  betamen 
najor  faaturas,  and  development  of  iransportatleo  to  and  wMiln 
the  area.  Significantly,  fhlB  SbidyhM  eHmttlttWd an  KiWaI 
opinion  on  the  relation  between  amn  and  bis  wivlniamenl  Rom 
knowledge  of  land  use  within  eadi  iMioc  pattern. 

The  next  step  Is  the  determination  ot  the  physical  makeup 
of  the  landscape  by  study  of  physlograpMo  ladloatora.  Fonn 
character  of  gross  topography  and  spatial  relatUn^lpa 
between  the  smaller  physical  units  are  analysed.  Ma|ar  forma 
are  classified  Into  mountains,  hills,  plains,  basins,  and 
escarpments. 

Obviously,  topographic  indicators  are  many  and  varied,  but 
identification  is  simple  for  sunlight  and  Shadow,  drainage, 
vegetation,  degree  of  adaptation  to  the  terrain  by  land-use 
( r/ir  t;      (field  shapes  and  tranaportatlon  u»H,  and  timber 

hnes. 

Once  the  physical  makeup  ti;  -  d ,  indicators  of 

origin  and  landscape  developmcnl  injiit  Jt;  considered.   In  all 
Lui  till'  ni-.:^;t  o.mplex  areas,  It  is  not  too  difficult  to  determine 
oriy;ri  ond  Unct:  the  sequence  of  events  responsible  for  present 
composition  and  form.   From  study  of  small-s:ile  photos, 
determination  of  the  general  geology  of  an  atoa  .s  greatly  sim- 
plified. The  consolidated  dt-p-'  s;tr;  ue  residual  to  the  area 
(called  bedrock— igneous ,  aodiraonury ,  and  metamorphlc)  or 
transported  by  wind,  water.  Ice,  and  gravity.   Indicate:  ;  ::<• 
many  ind  varied:   Some  are  directly  oBser vable;  others,  subtle 
ar.d  f'jLnd  only  under  very  cloae  aludy,  and  SOmO  are  deter— 
mi;;'  ii  iiiiely  through  Inference  and  reason. 

A.-oih.  r  phase  in  regional  analysis  Is  defining  and  eval- 
uating the  climate.    Indicators  place  the  environment  in  one  of 
these  broad  climatic  categories:  Arid,  semlarld,  subhumld, 
humid,  tropical,  arctic,  or  polar.   The  choice  la  made  by 
detailed  study  of  two  notural  Indlcatrjrs  (vegetation  and 
erosion)  and  one  .•nan-made  Indicator  {!.ird-use  pir.ict IciO  . 

The  final  phase  i".  rcqior'.a.  analysis  is  summation  of  data. 
It  IS  now  possible  to  form  opinions  concerning  pihyslcal 
makeup,  broad  composition  types,  origin  nl  di-posits. 
sequence  of  landscape  development,  activities  o(  man,  and 
general  climate.  Regional  analysis  yieMa  wary  little  direct 
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rig.  1 .  Airphoto  patterns  associated  with  the  arctic  environments:  a.  Polygonal  patterns  In  outwaih  sands  and  gravels: 

b.  Polygonal  patterns  and  Irost  bolU  over  sedimentary  rocks:  c.  Vegetative  patterns  in  wet  lowlands:  d.  Organic  deposit  in 

polygonal  area 


information  about  (rest  or  permatrost  phenomena  in  an  area. 
Such  data  must  await  detailed  stereoscopic  study  of  contact 
photos  where  each  pattern  element  is  closely  examined. 

Pattern  Element  Analysis 

Stereoscopic  pairs  of  contact  photos  typical  for  each  major 
pattern  are  studied  to  determine  physical  characteristics  of  the 
minute  features.  The  scale  best  suited  for  general  analysis  Is 
about  1  to  20,000  (±  4000) .  The  common  pattern  elements  of 
natural  landscape  are  landform,  drainage,  erosion,  tones, 
vegetation,  land  use,  and  special  features.  Each  element 
suggests  important  pattern  data— such  as  properties  of  the 
soil,  rock,  or  a  combination.  Study  of  the  pattern  elements 
yields  detailed  information  about  the  frost  and  permafrost 
phenomena  of  various  parts  of  the  area. 

Close  scrutiny  of  landforms  Includes  size,  shape,  boundary 
conditions,  spatial  relationships ,  and  surface  configuration. 
These  properties  point  to  composition  and  degree  of  homoge- 
neity of  a  deposit.  In  arctic  or  subarctic  regions  such  land- 
form  characteristics  as  slope,  exposure,  configuration,  and 
topographic  position  are  Important  in  determining  frost  and 
permafrost  phenomena.   Peculiarities  of  arctic  or  subarctic 
weathering  have  caused  notable  softening  of  many  arctic  land- 
forms;  this  is  significant  in  evaluating  frost-action  phenomena. 

Drainage  is  t>est  studied  after  marking  all  drainage  ways  In 
an  area.  In  general,  the  areal  drainage  pattern  is  little  altered 


by  permafrost.  At  best,  this  pattern  aids  in  identifying  the 
major  parent  materials,  their  homogeneity,  and  over-all 
porosity . 

Studying  minute  eroslonal  features  (wind,  water,  thermal, 
chomlcaU  provides  data  on  the  existence  of  soil  profile  and  its 
devolopmoni,  condition  of  materials,  soli  or  rock  types  and 
textures,  degree  of  induration,  etc.   In  arctic  and  subarctic 
regions,  study  of  minute  eroslonal  fcaturus  has  added  signif- 
icance. Frozen  soils  erode  chiefly  because  of  thaw  Induced 
either  by  running  water  or  by  a  sudden  thermal  Imbalance 
boiwoon  air-soil  temperature  at  controlled  by  vegetative  cover 
and  heat  exposure.  Permafrost  exerts  considerable  Influence 
on  gully  characteristics,  resulting  In  such  unusual  forms  as 
"button"  and  "polygon-net"  gullies. 

Vegetation  Is  important  in  terrain  analysis  since  It  provides 
a  single  expression  where  all  significant  physical,  chemical, 
and  biological  factors  are  integrated.  In  an  undisturbed  area 
the  fully  developed  plant  community  is  In  dynamic  equilibrium 
with  the  prevailing  combination  of  factors  operating  largely 
through  climate  and  soil.  Thus  vegetation  Is  a  very  useful 
indicator  of  soil  type  and  condition  in  an  area.  In  arctic  and 
subarctic  areas,  however,  vegetation  is  Inadequate  as  the 
only  indicator,  since  vegetation  changes  constantly  and  many 
factors  affecting  the  changes  are  local.  Often  permafrost  can 
be  Inferred  by  correlating  cover  types  with  taxture,  drainage, 
and  topographic  position. 
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Fig.  2.  Airphoto  patterns  reflecting  surface  conditions: 
a.  SolKluction  strip«s  Indicating  relatively  uniform  soil 
(low  on  gradual  slopes;  b.  Soltlluctlon  lobes  Indicating 
areas  of  soil  movement  and  changes  of  slope;  and 
c.  Grasses  indicating  wet  surface  soils  below  melting 
snow  fields 


SOLIFLUCTION  STRIPES 


Ftg.  3.   Tailure  created  when  ditch  was  constructed  over  Ice- 
wedges  in  Jointed  bedrock.  These  wedges  can  be  predicted 
from  the  airphoto  pattern  of  the  area 


Phototones  (tonality  or  grey  scale  value)  provide  Important 
clues  to  lAteral  and  vertical  homogonlcty  In  an  area.  Certain 
matter -energy  relationships  arc  responsible  for  producing  the 
tones.   Both  man-  and  nature -controlled  factors  can  cause 
widespread  variations  In  the  resulting  Imago.  In  the  Arctic 
and  sub-Arctic,  tones  are  unimportant  as  direct  indicators  of 
soil  toxturo,  but  under  certain  circumstances  they  may  reflect 
poor  drainage,  vegetation  changes,  topographic  "lows," 
possibly  permafrost,  or  a  combination.  Tones  should  bo 
evaluated  for  topographic  patterns .  vegetation,  drainage, 
and  landform. 

The  cultural  aspect  of  a  pattern  (land  use) ,  whether  urban 
or  rural,  provides  further  areal  data.  Degree  of  alteration  of 
or  adaptation  to  the  landscape  by  human  activity  should  be 
described.  Economic  and  sociological  development  In  the  area 
gives  insight  Into  the  value  man  places  on  definite  features . 
This  is  Important  where  the  extent  of  development  disturbs  the 
thermal  regime.   Severe  thaw  results  from  poor  design,  con- 
struction, and  maintenance  procedures  causing  damage  to 
highways,  railroads,  and  airfields  (Tigs.  3  and  4).  Indiscrim- 
inate movement  of  vehicles  In  areas  of  adverse  frost  or  perma- 
frost conditions  produces  woll-cstabllshod  visible  evidences, 
rurthermore ,  carelessness  with  discharge  and  waste  storage 
also  produces  indications  of  delicate  thermal  balance.  Clear- 
ing land  Incidental  to  some  enterprise  such  as  agriculture, 
timber,  or  mining  may  also  result  in  strong  Indicators  of  frost 
or  permafrost  phenomena. 

Special  features  that  are  Indigenous  to  arctic  areas  may  be 
the  result  of  severe  climate,  a  catastrophic  event,  composi- 
tion, or  a  combination  of  several  factors.  Patterns  associated 
with  frost  or  permafrost  phenomena  range  from  easy  to  inost 
difficult  to  analyze  using  airphotos.   Many  features  may  be 
associated  directly  with  areas  of  ground  ice,  unstable  thermal 
regime,  severe  frost  susceptibility,  or  various  types  of  severe 
earth  movement.  Chief  among  such  features  are  frost  bolls. 
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rig.  4.   Results  of  disturbing  the  ihormal  equilibrluoi  of  the 
terrain:  a.  Thawing  created  by  removal  of  surface  soils  along 
a  proposed  airstrip;  b.  Thawing  of  ground  Ice  after  removal  of 
surface  soils;  and  c.  Compressing  surface  vegetation  by 
vehicle  traffic  creating  subsurface  thaw 


polygons,  pingds,  themokarst,  button  drainage,  leaning  tr«es, 
alttplanotion  terraces,  mud  flows,  and  sollfluctlon  lobes. 

Summation  and  Verification 

Study  of  each  element  yields  information  about  the  physical 
properties  of  the  area  and  Its  materials.   Data  are  then  corre- 
lated and  areas  of  agreement  or  disagreement  are  determined. 
In  cases  of  disagreement  further  study  may  be  necessary. 
When  complete  agreement  is  achieved  the  data  are  made  avail- 
able In  map  or  report  form  ready  to  be  used  for  a  particular 
problem.  Physical  properties  of  an  area  and  Its  behavior  under 
conditions  of  load,  disturbance,  or  use  may  provide  Important 
answers  to  problems  of  criteria  governing  location,  design, 
construction,  maintenance,  and  materials  survey  for  large 
structures  or  installations. 

ARCTIC  ENGINEERING  SIGNIFICANCE 

In  arctic  and  subarctic  regions  photoanalysls  Is  significant  not 
only  because  of  remoteness  and  Inaccessibility  but  also 
because  of  the  problems  of  use,  alteration,  and  disturbance 
of  the  frost  end  permafrost  regime.  Interpretation  of  photo- 
analysis  dota  must  Inform  those  responsible  for  design, 
location,  construction,  maintenance,  and  materials  survey  of 
the  significance  of  frost  or  permafrost  phenomena  in  the  area, 
as  well  as  give  the  Identity  and  distribution  of  the  various 
soils  and  roclcs.  Information  In  permafrost  areas  should 
Include  ice -soil  relationships,  type  and  distribution  of  ic« 
masses,  characteristics  of  the  active  zone,  surface  configura- 
tion, surface  and  subsurface  drainage  and  water  bodies, 
continuity  of  the  permanently  frozen  materials,  and  character- 
istics of  the  vegetation  (perhaps  In  terms  of  type,  structure, 
density,  and  distribution) .    Location  and  distribution  of  frost- 
susceptible  materials  should  be  presented  as  well  as  the 
relation  between  active  and  permafrost  zones.  Data  on 
slopes,  vegetation,  texture,  moisture  condition,  and  in 
certain  Instances,  on  snowdrlftlng  under  winter  conditions, 
can  be  obtained. 

Selected  routes  and  structure  sites  can  be  inspected  crit- 
ically and  rated  In  order  of  priority  with  respect  to  criteria. 
The  locations  for  field  sampling  can  be  noted  for  use  in  plan- 
ning and  conducting  the  necessary  field  sample  program  to 
obtain  design  data.   Marginal  and  adverse  areas  or  routes  can 
be  dropped  from  further  consideration  without  recourse  to  field 
Inspections . 

Considerable  advance  data  can  be  given  to  the  design 
engineers  prior  to  obtaining  detailed  profile  data  from  the 
field.   For  example,  a  map  can  be  prepared  (site  map  or  strip 
map  of  the  area  on  either  side  of  the  route  centerllne)  showing 
type  and  distribution  of  soils,  rocks,  drainage,  vegetation, 
permafrost  type  and  condition,  frost-action  potential,  and 
characteristics  of  the  active  zone  (Fig.  S) .  For  highways  such 
Information  Is  very  important  In  solving  several  problems  of 
geometric  design.  Because  of  the  often  delicate  thermal 
regime  In  many  frost  and  permafrost  areas ,  the  time  of  year  or 
the  general  climatic  condition  for  construction  frequently 
becomes  more  critical  than  actual  design  features.  Design 
depends  on  the  time  of  year  selected  for  construction  as  well 
as  construction  technique.  Also  important  Is  the  degree  of 
terrain  alteration  or  adaptation  necessary.  Careless  construc- 
tion during  thawing  periods  can  negate  the  best  design  features 
and  result  In  construction  difficulties  and  poor  performance. 
Conditions  based  on  maximum  thaw  in  an  undisturbed  state  and 
then  the  expected  behavior  for  particular  construction  practices 
should  be  adequately  described. 

Use  of  photos  to  Identify  physical  properties  and  to  predict 
behavior  provides  the  builder  with  valuable  data.  For  example. 
Information  concerning  trafflcablllty  and  workability  with 
respect  to  climatic  condition  can  usually  be  obtained  wrlth 
ease.  Selecting  equipment  and  techniques  can  be  bated  on 
such  data.  Photos  are  useful  In  determining  access  to  an  area 
and  locating  access  routes  between  construction  site  and 
sources  of  materials.  Where  minimum  disturbance  practices 
are  recommended,  photos  can  be  used  to  locate  utility  roods. 
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Fig.  S.  Typical  engtne«i1ng  toil  maps  prepared  for  site  analyils  In  arctic 
areas 


Periodic  photocoverage  Is  Important  not  only  tor  construction 
progress  but  also  for  critical  review  to  determine  thermal 
upset  and  thermal  stability  due  to  disturbance. 

Where  adverse  locations  must  be  considered  for  special 
reasons,  alrpholos  are  cxcoUont  for  obtaining  information  on 
location,  characteristics,  and  workability  of  borrow  materials. 
Included  also  are  data  on  controlling  excess  water  which  may 
result  from  Induced  thaw  in  the  borrow  area.  In  many  frozen 
areas  the  practices  of  progressive  thaw,  spreading  and  wind- 
rowing  for  drying,  and  stockpiling  must  be  followed  well  In 
advance  of  actual  need  at  the  site  to  ensure  a  supply  of  work- 
able materials  during  the  construction  season.   This  permits 
earlier  than  normal  construction  dates  during  subsequent 
seasons. 


NEW  SYSTEMS  AND  TECHNIQUES 

The  technique  described  yields  information  which  can  be 
expressed  In  qualitative  terms  only.   Of  the  imaging  tech- 
niques available  today,  none  can  match  the  visual  photograph 
for  information  content  per  unit  of  area.   Much  research  Is 
needed  with  aerial  photographic  and  other  remote  sensing 
systems  to  obtain  a  "quantitative  breakthrough."  The  visual 
photograph  records  only  reflected  surface  Information  while 
subsurface  information  is  obtained  Indirectly,  it  Is  inferred  by 
analyzing  surface  patterns.  Using  other  imaging  techniques 
might  provide  the  quantitative  breakthrough  If  their  Information 
is  used  to  supplement  that  obtained  from  the  visual  photograph. 
Radar  systems  and  infrared  thermal  scanners  are  two  remote 
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Imaging  lechniqut^s  now  roceivlrc;  f  nr.  aldcr.iblc  a'.''-n::or. .  Llice 
vlsudl  photctcchniqucs  thost-  systems  use  energy  Ironi  the 
slectroDiagnetlc  s;K?ccrum  but  each  from  a  different  portlori. 
For  Instance,  the  fihotographlc  Image  results  from  the  sensltt- 
latlor.  of  ar.  tn'.alston  by  reflected  solar  energy,  whereas 
Infrared  thern-.al  Imagery  is  derived  from  the  tht;rma!!y  Ir.tlucreri 
radiation  of  tlie  materials  being  sensed  by  a  scanning  detector. 
Radar  Itnagi.-ty  results  (torn  recording  the  reflected  return  ol  a 
signal  cn.itiijii  itorn  the  systcn  itself.   Thi;  Intensity  of  this 
reflected  signjl  is  a  [unction  of  the  electrical  properties  o! 
the  materuU  in  question.   Th'-rc  ir'-  r  jdjr  systems  today 
which  permlv  '.he  measure  of  thirkriLiS  jf  portions  of  the  Icc- 
CiJi.    R'.  ^earch  is  underwjy  to  iriik'i  tr.est  svsl'ms  airborne 
ai.u  :i:;J  ^oaslble  a|;pllcflt.on  for  ;:n- ASu.-i.  g  the  rnlcHness  of 
Sf.i  11,  river  ico,  or  Irtk-' 

Al'.h  uyh  sr>me  system;;  u:,i-  (orlinns  ol  thr'  ipccirum  beyond 
the  c.jn-er.3.  It  13  not  oosc  let'::  it  mo.-._  ly  supplements  the 
available  sensors.   We  siiould,  Lierefore,  determine  when  and 
under  what  conditions  these  other  systems  should  be  used.  To 
record  energy  dlf!en  nr  "M  which  are  lherm.illy  engendered  and 
are  either  radioi    I,  t'  tlected,  or  omitted  beyond  the  visible 
spectrum,  it  is  necessary  to  select  a  so.-.sor  combination 
designed  :o  work  in  certaui  on'jrcy  ij^:.ds,  out  due  considera- 
tion should  be  made  (or  Uie  fundamt.-nt.i .s  involved  and  the 
a'n-.r_         ric  conditions  through  which  the  ericrgy  must  travel. 
When  used  imprcp'Orly,  such  devices  are  either  worthless  or 
an  expensive  novelty. 

Successful  use  of  any  system  is  based  on  understanding 
design  features,  limitations,  natural  a.-id  Instrumental  param- 
eters, mattiT -energy  relationshli;.'.,  and  Intelliger.t  use. 

Color  aerial  photc<3raphy  also  shows  promise.   A  limited 
omount  of  color  photography  taken  along  the  Arctic  Coast  was 
studied  by  the  authors.  This  photography  exhibited  consldara- 
ble  iletall  and  a  wide  range  in  soil  color  tones  which  appeared 
to  have  advttiMQes  ovar  black  and  whlta  phoiograpliy. 

suMiMmr 

Fhotolnterpratatton  by  remote  sensirvg  photoana  lysis  has 
pragresaad  consUlerably  In  the  last  20  yews,  ta«t  this  appears 
to  ha  only  tha  baghmlng .  A«  new  cyatena  usbis  ateetromag  - 
netle  anatgy,  fdroa  ftaMs,  aooustleel  anaroy>  or  ahnospharle 
■aavlhig  baoeoa  avatlabte,  raaMrob  nuat  ba  oontliuiad  to 
daflna  and  datamina  Ita  appUcatioa, 

The  foUowtng  refaranoea  ara  |z«s*ntad  aocxirdliHr  to  tha 
coofaianoa  fonaat,  hot  aa  tha  list  la  tntanded  for  additional 
raadbig  and  tha  authorfttaa  ara  uoad  «•  rafamioat  to  taxt 
aialarlal.  the  rafaranca  nunbwa  have  net  taaaa  hiiarted  In 
the  text  ■ 
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GEOPHYSICAL  METHODS  FOR  DELINEATING  PERMAFROST 


DAVID     ■MNU,  U.S.  GMlogteal  Smnr.  M«nlo  Paik.  CaUfomto 


Freezim;  of  interstituil  v.-atcr  in  rocks  cind  soils  causes  changes 
in  physical  pTOpertles  that  can  be  locLited  and  measured  by 
several  geophysical  prospecting  procedure's.  Accordingly, 
these  procedures  provide  possible  methods  of  mappiri-g  the 
distribution  md  f:i2e  of  porn'.ii fro;;:  layers,  and  of  deierralmng 
some  of  the  physlc-il  f  ^..-.r,ic;tiTl ■.lit-;:  oi  ;hi>  Irozen  qroj.id. 
Since  they  arc  priiri,!ill>  iriLiuMiloc;.  ol  '.hi-  ^iri'-.iMiCi-  of  Uozar. 
mterstitih!  water  rather  than  ol  ih'-  ih''rrr.,jl  regime  that  defines 
perm oiro-it ,  however,  the  results  can  .ho  mslcadlng  in  dry  or 
solinfi  A-atcr  areas.    Furthermore,  most  of  the  methods  are 
sensitive  to  variations  In  the  degree  of  interstitial  freezing, 
and  where  these  variations  occur  near  the  ground  surface,  they 
may  mask  the  ef facta  Of  non  Inpoftant  phyaicBl  cbangaa  M 
greater  depths. 

These  factors  cause  the  effectiveness  of  geophysical  meth- 
ods to  vary  from  site  to  site,  and  probably  have  delayed  their 
adoption  as  routine  methods  of  delineating  petmafrost.  Never- 
theless, geophysical  techniques  have  been  used  In  many  North 
American  permafrost  areas,  and  have  provided  useful  informa- 
tion about  the  distribution,  thickness,  and  physical  character 
of  the  poimaflreat.  They  probably  could  be  profitably  used  in 
many  more  areas  a*  a  preliminary  step  for  planning  or  possibly 
.us  3  substitute  fbr  exploratory  drilling. 

Physical  properties  that  probably  change  most  when  inter- 
stitial water  in  rocks  and  soils  freeses  are  the  elastic  moduli 
and  the  electrical  conductivity.  Therr^fore,  seismic  and  elec- 
trical methods  arc  believed  to  be  th>-  mo -  i  useful  geophysical 
methods  for  permafrost  studies,    rroezing  of  interstitial  water 
has  little  or  no  effect  on  density,  magnetism,  or  radioactivity 
of  rocks.  BO  the  other  standard  geophysical  prospecting  toch* 
ntquas  have  not  been  tried.   However,  gravity  surveys  have 
bMO  ooasldMod  for  locating  large  ice-  lenses  and  other 
deasl^  variations  in  parma&ost  1 1 1  and  have  indicated  the 
presence  of  Iai9e  lea  oores  In  pingos  [  2] .  Modern  develop- 
ments in  the  deslffn  and  osa  of  sansttlve  gravimetara  mlgbt 
make  further  gravity  Investigauons  for  locating  ioe  bodies 
pnfitablo.  Navaithalass,  seismic  and  electrical  methods 
pnvida  tha  bast  posalblUtlas  tor  geophysical  invastlgatlans 
of  patmaftost,  and  tha  affects  of  freezing  on  tha  salsale  wava 
vaJodty  and  alaetileal  oondueUvlty  of  loeks  and  soils  aio 
favlawad  fariafly. 

sosMic  vsLOcniES  m  permafrost 

Stisnio  conprasslon  wava  valoettlas  In  boMn  giQiind  wai* 
naasuiad  at  aavaral  plaeas  In  Neith  AsMrtea.  both  In  ratetlon 
to  tasting  tha  appUcaMllty  of  selsnlo  mathods  for  pamatost 
studiaa,  and  in  tha  oonrsa  ei  axplontlen  for  patrolainn  and 
other  minerals.  Pematiost  studies  prlsiartly  Involved  lebee- 
tloB  sieasHnBenti  and  have  been  ceneenliated  In  the  Tsnuia 
Valley,  Maska<  and  at  Ihula.  Greenland.  Selsgtle  sMplwatlon 
far  petnlaum  oonsiatad  prliaatily  of  Mfleetlen  setvays,  but 
velocity  data  ware  obtained  from  supporting  refraction  teeas- 
uraawnts  and  veloolty  logs  of  drill  boles.  Many  panolBMe 
suiveys  heve  been  made  in  Alaska  and  northern  Cansde.  but 
eiUy  the  data  from  Naval  Patioleum  Rsseive  No.  4  have  been 
raleesed  for  puUle  inspection. 

Table  I  aummaricas  seismic  veleeity  data  obtained  fiom 
sevanl  studies  la  pemafroat  areas.  Ihe  data  wen  obtained 
over  2%  years,  duilno  which  the  sieasurlng  techniques  and 
knowledge  of  factors  which  affect  seismic  velocities  advanced 
greatly,  rurifaermore.  ahaost  all  early  maasunmeata  wen  a 
tayptoduct  of  Uwestlgatlens  whose  primary  aim  was  piopaect' 
Ing  for  Rlaoer  deposits,  «raund  water,  or  petroleum. 

RBe0iUebeipei*e  li,  4l  mearaiOTienie  at  Ibuto  mey  be  ««e 
only  ones  mede  primarily  far  the  seismic  study  of  permafrost. 
Mis  data  ahow  a  uniformity  that  reflects  both  modam  aieasine* 
meat  teehnlques  end  llmltallon  of  sieasimmant  to  ledts  of  well 


Ident.fied  litiiology.    The  wide  range  of  some  of  tne  ot.her  ve- 
locities, in  the  t.a.blp  suggest',  varied  iitho.ogy,  porosity,  and 
Aftgu:r.  ot  inioi yi iti.-i I  Irfe2ir>g.    For  e.xample,  d,ii.-i  q.itherea  by 
the  author  m  1952  for  the  velocity  ol  frozen  alluvium  in  the 
Tnnano  Valley  Include  IS  measurements  made  at  several  differ- 
ent locations  And  in  rocks  at  near  freezing  temperatures  in 
which  th<-'  d<-<jr<>o  of  Interstitial  freezing  pfobaUy  veiles  much 
more  than  m  the  -ll"C  permafrost  at  Thule. 

Few  of  the  seismic  velocity  measuremor.ts  in  pcnn.3[rost 
have  been  accompanied  by  adequate  dcscnptinn  of  the  physical 
properties  of  the  rocks  In  which  they  were  made.    In  prop.!)rmy 
Table  I,  some  of  the  rock  types  were  identified  by  reference  to 
geologic  maps  and  reports  published  after  the  velocity  meas- 
urements were  made.   Likewise,  the  ground  temperature  meas- 
urements were  made  at  places  as  much  as  25  miles  away  from 
the  sites  of  the  velocity  measurements,  or  wsra  estlnwted  from 
Weather  Bureau  climatic  data .  so  that  fliest  of  theoi  do  not  give 
exact  conditions  at  the  site  of  measurement. 

Table  I  also  Includes  a  summary  of  permafrost  velocity  data 
obtained  from  Naval  Petroleum  Reserve  No.  4,  Alaska,  where 
comprehensive  geophysical  and  geological  investigations  were 
made  [S-9].   However,  most  of  the  Petroleum  Reserve  seismic 
measurements  emphasise  data  from  depths  below  the  perma- 
frost.  Velocity  logs  were  made  in  nine  test  wells,  but  since 
only  one  or  at  most  three  geophones  were  placed  within  the 
permafrost  layer  in  each  well,  the  variation  of  velocity  with 
depth  m  the  permafrost  cannot  be  determined.  Furthomora, 
some  of  the  wells  were  drilled  in  rocks  containing  saline 
interstitial  water  that  was  only  partly  fiosen,  and  other  welts 
were  <kllled  in  areas  whore  nearby  ocean  or  lakes  probably 
esusad  higher  than  normal  ground  temperatures. 

Ilie  seismic  refraction  data  were  also  obtained  for  the  loca- 
tion of  deeply  buried  layers.   Because  of  long  geophooe 
spedngs  near  the  shot  point,  thin  high-velocity,  near-snrfeoe 
layers  nay  mot  have  been  recorded .  Sha  i  low  rafnctiea  smos- 
urements  mede  in  direct  support  of  permafrost  investigations 
ClO]  gave  somewhat  higher  surface  veiociues  than  those  re- 
eofded  by  the  United  Geophysical  Co.  [  Sl  on  long  geophone 
spreads.  The  velocities  obtained  in  some  of  these  redaction 
measuranents  may  also  have  been  towered  by  the  thawing 
effect  ot  water  bodies  near  the  geoftone  spreads. 

In  Table  I,  the  velocity  of  eomprasaional  waves  la  Itasen 
ground  Is  slgidfloaiitly  higher  tfian  the  velocity  in  unfrcsen 
laekei  velocity  verles  greatly  with  litholegy  and  tenpentura. 
The  logloBi  approach  to  ee  understanding  of  the  causes  d  this 
vailatlen  Is  to  consider  the  velocity  of  oompraesloiiBl  waves  in 
the  siatarlals  that  constitute  Aoien  ground:  Mineral  grains. 
Ice,  untvoien  tltiUs,  organic  matter,  end  goeee  that  fill  the 
leswlning  voMt.  Vbe  velocity  of  oosvreeslonBl  wevos  la 
most  rodk-lorgilag  mtaoral  grains  (with  tiie  posstUe  eitceptiOD 
of  days  and  otbar  aeecadaty  minerals}  probably  varies  Horn 
about  12,000  to  20,000  It/sec,  the  veloeity  range  eneounterad 
in  coBipact  Igneous  rocks  Cll-13].  Pura  ice  has  a  velcelty  of 
about  12.200  ft/ see,  but  partly  finnn  saline  water  may  have 
a  velocity  as  low  as  MOO  ft/ sec  tl4]  depending  en  tseipara- 
tura,  seUmty,  and  gas  content.  Water  has  a  eempteaslenal 
wave  velocity  of  about  4400  to  4000  ft/eec,  depending  co 
tempa(M«Be  and  salinity.  Mr  at  0*C  has  a  saissilc  velocity 
of  about  1090  ft/ see:  and  the  velocity  in  some  types  of  dry, 
•pongy,  organic  awttsr  may  be  even  lower. 

Meny  laboratory  and  tbeoretlCBl  studies  have  been  mede 
tfaet  provide  e  basis  for  calculating  the  vetodty  of  cempns- 
slonal  waves  in  mixtures  of  aiaterlals  with  known  velocities. 
Urch  end  Sanciaft  ClSl  note  that  flieoretleal  studies  by  Voight 
In  the  19th  century  suggested  that  the  elastic  properties  of  en 
eooreoete  of  crystals  could  be  evaluated  by  averaOing  the 
elastic  properties  of  die  component  crystals.  Labentory 
measuraswnts  Cl2,  19,  ISl  hava  shown  that  the  elastic 
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properties  of  a  rock  nay  t»  COOVutad  fay  averaging  (on  a 

volume  percentage  baals)  the  elastic  properties  of  the  com- 
ponent minerals— provided  the  rocks  being  st  jdles  are  subjaet 
to  pressures  high  enough  to  eliminate  voids  and  flaws. 

Hie  effects  of  voids  and  of  rr.jterlols  tilling  voids  have  also 
been  studied  extensively.    Gassman  [  16j  computed  the  seis- 
mic velocity  of  AT)  aggregate  of  uniform  spheres  as  a  funcuon 
of  overburden  pressure  jnd  pore  fluid  velocity  and  pressure, 
but  his  results  arc  not  dircc'ly  applicitile  '.o  poorly  sorted 
mineral  aggregates.    Several  loibcra:or>'  st'jdies  1 17-20]  have 
been  made  ol  mineral- fluid  mixtures,  and  a  few  '.19,  21,  22] 
conisldercd  the  effect  of  solidification  of  the  interstitial  ma- 
tcriil.    Miiller's  [22j  exf fr.rifni s  are  proli.ibly  the  only  ones 
maae  ojtside  the  USSR  In  -.vhi;;!!  icc  filled  the  Interstitial  pores- 
(Durlna  th"  rcnlmence.  the  author  Icarnod  ot  th-^  nor--  coti- 
prehensive  laboratory  determln.Hlons  of  the  SL-ismic  veloci- 
tic-E  Df  frozen  soils  made  by  C.  W.  Kaplar  which  arc 
puliliihed  In  this  volume.    Kapi-ar's  velocities  agree  much 
more  closely  with  velocities  measured  in  the  field  than  do 
previous  measurements,  but  they  also  suggest  that  naturally 
ffOMD  racks  may  camtaln  luHicwan  or  gafflUed  voids.  ThtM 


Is  still  need  for  further  investigations  of  the  relationship 
between  seismic  velocity,  porosity,  saturation,  and  unfrozen 
water  content.) 

MuUer  measured  the  velocity  in  six  synthetic  sarvJ  and  clay 
cores  which  had  different  porosities  but  which  were  well  satu- 
rated with  Water  before  freezing.    Fig.  1  shows  the  velocity 
variations  that  he  Obtained  as  a  function  of  temperature.  The 
flatness  Of  the  curve  for  pure  ice  and  the  gentle  slope  for  four 
other  curves  sjggcst  that  a  small  r-orti-r.  of  the  intorstitiil 
water  in  these  cores  did  not  freeze  until  very  low  temperatures 
were  reached.    The  much  greater  temfr  tur.'  Jependence 
shown  by  the  bottom  curve  tor  ar  "»i:tv.  iinbiic-hner"  clay  sug- 
q:".I',  Ih.i;  ,1  l.irycr  .inir:..:.t  r-'  ihi'  .ni     -.m .  ,il  water  remained 
Linfro/.«'n  at  lempera'.^it's  ricar  tlic  :ii.".'.i;itg  point.    Such  a 
i  urve  should  be  typical  ol  rocks  and  soils  in  whi  -h  th'-  freez- 
ing point  is  lowered  by  saline  interstitial  water  or  l:y  in'.er- 
facial  forces  in  fine-grainod  soils  la.thnugh  Miiller's 
interpret-iliDn  of  the  Altwarmbuchner  curve  seems  somewhat 
dlf       r, -J 

Data  taken  from  these  curves  have  t>een  used  to  prepare 
Tig.  t,  which  shows  tba  affaet  of  penalty  en  tha  valecilty 


Table  I.  Seismic  comprassional-wave  velocities  measured  In  permafrost 


Seismic  Velocity  Estimated 

(kilo  It /sec)  Ground 


Rock  Types 

Locality  and  Reference 

Frozen 

Unfmian 

_  ?!«*p.-i, 

Qiiatemary  sediments 

Sill  end  organic  matter 

Fairbanks  Area.  Alaska* 

S-IO 

1.8-4 

-1 

Alluvial  clay 

Ncrthway,  Alaska'' 

7.8 

•  2 

Sill  and  gravel 

Fairbanks  Area,  Alaska^^ 

7.7-10 

-I 

Aeolian  sand 

Tetlln  Junction.  Alaska^ 

8 

-3 

rioodplaln  alluvium 

Fairbanks  Area .  Alaska^ 

8-14 

6.1-7 

-1 

Tundra  silts,  sands,  and  peats 

(Gublk  Formation,  probably  .•iallne) 

Barrow  Are.i .  NPR-4.  Alaska  L9l 

8-s.e 

-9 

(Gublk  Formation,  protvibly  salifM) 

Skull  Clifl  Area.  NPR-.4,  Alaska  .9] 

7.4-8.9 

-9 

(Gublk  Formation,  less  saline) 

Topagoruk  Area,  NFR-4,  Alaska  lS] 

S-12 

-9 

Gravel 

rairb.3nks  Area,  Alaska* 

13.0-1S.2 

6-7.S 

-1 

Outwosh  gravel 

Tanacross.  Alaska*- 

7.6-10 

-3 

Glacier  noroino 

Del-.n  J  jnct.r-r,.  A. 3k ,iC 

7,  6-  1  3.2 

Unclassified  sediments 

Isnchser. ,  Cir.nd:,  .44] 

8,8 

izi-2r  ouf.vaah 

Th-l.i,  Groor.hir.i  l4" 

14. 1-1 5. 3 

-11 

iJ.,]Ci.3r  till 

Th'^le,  Gree.'jJ.ir.i  [4I 

15.4-15. S 

-11 

Mesozoic  sediments 

Mudstone  (Ogotoruk  Formation)'^ 

Ogo!or.,k  CrrM-t,  Ai.i:fka  [4S] 

14.2 

-5 

Mudstone  (Ogototnit  ro-rr.iilorj ■ 

OaoCT  -k  Cn^ek,  Alaska  NS] 

13.3 

-S 

Shale  and  sUtstnno  (>x:hr.-i':cr  Bluff 

Fish  Cn-jt  Test  Well  1  ,  NPR-4, 

Formation)*' 

Alaska  L  5] 

8.9-9.8 

6.fi-7.« 

Shale  and  sandstone  (Chandler 

Umiat  Test  Well  2,  NPR-4,  Alaska  .6] 

Formation)^' ' 

12.7 

-7 

Shale  and  sandstone  (NanushukGroup)"'^ 

Simpson  and  Mlmja  vVells,  NPR-4, 

Alaska  l7,  b] 

8,1-8.4 

5-7 

-9 

Sana  stone  IColviUe  Group) 

Umiat  Area,  NPR-4,  Alaska  L9] 

10.7 

-7 

Sandstone  and  shala  (KaiMShUk  and 

Meade-Oumallk  Area,  MPR-4, 

Colville  Group) 

Alaska  L9] 

10-14 

-9 

Sandstone  (Isachsen  Formatlorf 

lischaen,  Canada  [44] 

11.1 

•10 

Faleozolc  and  older  sediments 

Thulo  ,  C.rponljn'i  1  4l 

Siile  (I3urni.5S  FortnatiorJ 

13.3-14 

-11 

53n:l3ton.?  1  NirsSrjrss'^k  Formation) 

Thule,  Greer.lfir.d  .4] 

IS. 6-17.9 

-11 

Quartzit"          iHtenholm  Forrr.aliorJ 

Thule  ,  C;ii--i-T . i  .  4  J 

18,  ' 

-11 

Dolomite  INarssarssuk  Formation) 

Thule,  Gteeriiafid  _4j 

18. 9-19. S 

-11 

Metamorphlc  rocks 

Schist  (Birch  Creak  Schist) 

Fairbanks  Area,  Alaska^ 

13-16 

-1 

GiMtsa 

Ihule.  OfMnland  (4l 

20 

-11 

Obtained  finm  H.  G.  Haylor.  193B,  RspoR  en  geophyileal  weik  by  the  setsisie  nethed  la  placer  deposits  of  Petrfaenfca  DlstMet 
lOf  Alaska,  unpublishsd  fepart  to  U.S.  aueltliv,  Reflalna  C  Mining  Co. 
lUnpublished  data  fiom  J.  K.  Sweets  and  S.  R.  Shephaid,  V.  S.  Geol.  Suivey,  1948 
^Oata  by  author  In  I9S2 

^e  Matertele  Tasting  Lsboreiwy.  U.S.  Aaay  Engineer  IMstrtet,  Ale^.  tested  ooies  fton  this  well  end  found  that  S  poraslty 
Bwesuiemente  eveiaged  6.4K  and  ibat  «lynsnilc  messuienwnts  on  imiieieB  cans  gave  elaatlc  moduli  «dilch  mey  be  ueed  to 
^npute  e  veleetty  In  Vm  unftosen  foefcs  of  etout  11,000  tpt 
TMeasmments  by  vsloelty  logs  of  wells;  rest  neesursd  by  rsfraetlon 
'poraetty  messunments  of  44  cams  bom  Unlet  Test  WeU  #2  everaged  13.  SK  [4C] 
*toraslty  BMasumakents  of  IS  oeras  fioa  SimpsoD  Test  WeU  •!  averaged  30.811  C47] 
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Fig.  1.   Sound  velocity  In  frozen,  synthetic  eofm  Ol 
vailoul  poi9«ttt«i     •  fwnctlAn  of  lampwstura  [22] 

Cttpynght  9  iMl  CurapMn  AawelsUon  of  EKplmtloii 
Gwphjrilelitf.  RaprtiUtd  br  mniilBslon  fioni  Gaibanl 
MBllw,  "0*Mliwindlgk«lttb«Bilmiiiangen  elacttteitar 
WallM  la  SMflmranm  GcttMiwn  und  dit  Anwcndung 
akiMUMhar  MMSunQcn  aiif  Uniwsurh  .-^^on  d«><i 
RoMnantoU  an  GcMartehSehun. '  Goophyaicol 
PwMneetteB.  Vbl.  9.  Ko.  2.  luna  1961.  The  HaaiM. 


.Ml_i   I  '  I  '  ■  I  ■ 

•  M  M  «  n  IM 

PtfMifi  in  ptrcMt  >  ^ 

Fig.  2.    Sound  velocity  of  frozen  rocka  ftl  approxmately  C 
ds  d  function  of  porosity  (laboratory  m«a«ur«in«nt*  by  MiiUer 
[22],  field  naasmwmntt  bom Maika  [t,  7, 42  to  44J}. 

Oopyrtffht  C  I'fil  BuropMn  AtMclatloa  el  Explontlea  Gm> 
pkysiolata.  ItopilnMd  fey  ptnusston  bom  GMhard  MClter, 
"OMdwrtBdiBfcrtttb— ttwumgw  •lasUMbw  Wallm  to  9«o» 
Bwiwtt  8a«Mliim  und  dl*  Amrandung  akuttltdMr 
Muaunoan  atif  VntmudiunoM  d«>  ProttmantelB  an 
GaMariehSehtitn,"  Gaopbytloal  Protpaotlng,  Vbl.  9,  No.  2, 
Juna  19<l,  lha  Ragua. 
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Fig.  3.    Soisnlc  travel-tline  curves  and  apparent  va- 
loeUlaa  at  Elalson  Fiald,  Alaska,  showing  inegular 
top  ol  ponulMBt  (author's  19S2  dati} 

(actually  reclprociil  of  velocity)  of  saturated  cores-    Tlo-  7  is 
very  similar  '.o  V.  jJier's  Fig.  3,  except  that  the  tc-xpcrjtjre 
of  the  core!!  approximates  th?it  of  northern  Alaska  perrr.n frost. 
The  .ttralght  line  In  Fig.  2  represents  a  time-avc-.-jgc  fc>rmula 
used  by  both  WylUe  [19.  20]  „nd  Mailer  [22j  for  .ipprcxj- 
nuitiny  iho  velocity  in  miner-il- iluid  oi  mineral- Ice  mixture  . 

If  iho  lormuln  Is  voUd  (or  All  porosities,  such  a  line  should 
intprr.oct  the       and  100%  porosity  ordinate.-!  ot  the  rccipRWSl 
velocities  of  the  mineral  matrix  and  thf  int/Tr:t Stl.il  fluid 
respectively.    Mvller  believed  that  th'-  Idw  vcliir  ity  ior  a  r 
(6300  ft/ sec  instead  of  1  2,000  ft  's'-c)  yivr-n  tiy  the-  :r.ti:r- 
cept  of  the  line  through  his  d^tJ  indic.iter::  the  ir.clusKir  of 
air  In  his  cores.    This  interpretation  is  probably  correct,  and 
ether  approximations  would  not  give  more  reasonable  inter- 
cepts.   For  example,  a  curve  based  on  a  volume- percentage 
average  would  be  csonoave  and  would  Intersect  die  OK  and 
100%  porosity  ordlnatas  at  avan  lower  velocities. 

Gas-  and  llquld-ttUad  voids  imlioUy  Infliienoe  the  seismic 
velocity  of  nstivsUy  frozen  ground  avan  smre  Oan  in  Muller's 
synthetic  cores.  Only  three  field  naasuraments  of  the  selsalc 
velocity  of  frozen  ground  have  been  accompanied  by  measure- 
ments of  porosity.  These  were  made  in  northern  Alaskan  tost 
wells;  the  data  from  them  are  indicated  by  footnotes  In  Table  I 
and  are  plotted  on  the  graph  in  Fig.  2.  In  ell  three  cases  the 
veloeitles  in  the  naturally  Iroson  rocks  are  significantly  lower 
than  velocities  litdicatad  by  laboratory  meaturtinents  and  by 
calculations  based  on  percaittaga  volumes  occupied  l>y  Ice  and 
minerals.  This  is  good  evldanco  that  most  .naturally  frozen 
ground  contains  a  significant  proportion  of  gas-  or  liquid- filled 
voids.  Any  further  studies  Of  the  seismic  velocity  In  bozen 
rocks  should  Include  sMasurement  of  the  volunes  occupied  liy 
fluids  and  gae>  Becent  studies  of  ses  toe  [23,  24}  soggest 
that  tiie  etaetle  prapertlei  of  on  Ice-Mne  nlxttBe  nay  he 
eslliaaled  irem  diemleel  eenpoelilon  end  temparvtwe.  nosen 
ground  is  a  more  complex  iystem,  but  Ite  eelsmle  velocity  Is 
probably  determitted  by  ■iniler  Ivwe. 

Although  formulas  for  conputlng  and  understanding  the 
velocities  of  cemprasslonal  waves  in  frosen  ground  are  net  yet 
available,  these  velocities  shew  the  following  charaeterlallea; 
fl)  Ihey  are  htgharwhea  the  ground  tenpenturo  is  low:  (9 
they  are  htslwr  in  older,  note  ooaipBet.  end  less  porous  roeka; 
(3)  fbey  are  loirer  when  the  interstitial  wefar  is  sellne  and  only 
partly  aonen;  14)  ihey  en  lower  in  vaty  ttne-flreined  rocke 
(cley)  in  which  the  fieeetns  point  is  lowered  by  interAdal 
ftireee;  (5)  they  ere  higher  when  swasHrad  evsr  e  horinontel 
direction  than  over  a  long  vertical  direction,  because  raftae- 
tlofl  in  the  hoclsoiita)  Bwaeureawnts  eeually  shows  the  velocity 
of  tfie  highest  velocity  leyer.  end  the  vettleel  velocities  are  en 
evesage  9t  high-  end  law»velooity  layere. 

SEISMIC  svmmrs  or  FemiAPRDsr 

The  large  velocity  oo rarest  between  feestai  end  vafnien  ground 
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Immediately  suggests  that  seismic  surveys  may  be  used  to 
delineate  permafrost  bodies.    However,  riorje  of  the  various 
Seitmlc  mpih'.  ii'i  hwi'  proven  SAtlsfActory  for  measuring  the 
lhlcknr5<;  ::f  (frnnfinst  [lycrs,  nithough  they  do  provide  mlor- 
rr..3tior.  .5bcut  the  rjort.l  to  tr,'.-  upii'T  surface,  'h';  [:hy  uc,il 
properties  of  thr  r-^rnifrrist.  and  sometimes  '.he  'lo[:th  .lad 
physical  character  o'.  the  underlying  bedrock  liTyors. 

The  refraction  nfthod  has  been  used  for  mo3».  permairost 
invest. i-jrttior.3  l  3  ,  4,         ,    The  principles  and  procedures  of 
this  method  are  base  1  on  Snt-U's  law  and  are  ,i.!equnt<>!v 
described  in  stAnJi^r  J  geophy.iH  iil  textr,     TTio  fi-r.  J.iner.t  i'. 
Umuntlon  of  the  mftho  j  ii.  Ih-.1  it  only  recoras  layers  having 
Vflnr: !<,:<■  ■:■  hiohrr  thir  thof,.'  m  thr  overlying  layers. 

Rf'rartion  moa  5uri'in<-nt  •;  t^u;;  p:Ovid<>  .t  gootl  method  of 
mjj';  irt:j  the  extent  O'  s  i  ■■rmi  fn  ■      liyr  .lu;  1h>'   Iffth  to  lI-; 
upper  surface.    If  the  pennatinst  i.tl-.l.-  i    5hiil];:w,  •;ur;h  ri",!s- 
urements  co'^ld  be  more  econotriic.3 1  ly  tjuo  hy  prf  b.ng  rn 
but  in  areii  where  the  permafrost  table  is  more  rhiir  h  ft  deep, 
the  ...eisnuc  nethcd  nay  be  less  expensive.    The  tcpo^jrAphy 
of  the  perm.i frc f.t  surface  and  the  velocities  gererciily  encnun- 
tered  rr..ik.e  computation  of  the  depths  by  delay- tine  techn:  jues 
[26,  2?    very  simple,    Depths  to  the  permafrost  layer  my  thus 
he-  di-!rTrnit:i' I  .it  the  location  of  each  geophone,  wh.ch  means 
thit  v.-ith  st.jnd.if'i  f>quipment,  a.s  many  as  12  permafrost  depths 
tTjy  t-?  detormirp-  :  lor  each  shot.    Fig.   3  shows  an  example  of 
refraction  travel-time  curves  .ir.rt  the  permafrost  profile  com- 
puted from  these  d.3ta.    Fig.  4  shows  ar.  ox<imple  of  travel- time 
curve.s  indicating  the  presence  of  a  5Viprapcm.i(rost  ground 
water  layer  in  the  Tanana  Valley,  rilj^fca. 

Refraction  measurements  have  also  proved  u-.<>fii!  for 
dtMcUno  high-velocity  rocks  beneath  F«rma'ri-;t.  Most 
IgiMOu*  or  metAinorphosed  rocks,  especially  froienone', 
hav«  velocities  greater  than  those  of  frozen  unconsolld,<li',: 
sediments,  so  energy  that  travels  through  crystnlllru"  bedrock 
beni'  -ith  frozen  alluvium  or  glacial  deposits  appears  .35  a  first 
•rrlval  and  can  be  used  for  calculating  the  depth  to  the  bed- 
lOek.  If  the  bedrock  consists  of  sedimentary  rocks,  or  if  it  Is 
not  faoun.  Its  velocity  may  be  lower  than  or  close  to  that  of 
the  frosen  overburden,  and  the  eneryy  traveling  through  it  may 
aiTlv*  l«tar  or  at  nearly  the  same  time  as  the  energy  travelinv 
through  the  pennaboBt. 

In  nonnal  refraction  pfoapectlng.  such  aiwtgy  is  hard  to 
dlaUngutih.  and  the  pramnce  of  the  lower  layer  may  not  be 
dMnotad.  Howwver,  in  aonw  avetle  eraM,  the  energy  that 


Oittanc*  in  fctt 

Fig.  i.    Seismic  travel-tlrr.e  curves  near  Fairbanks,  Alaska, 
showing  15  ft  of  dry  .jlluvrurr.  (vel.:.K-i;y  900  ft/»ec)  ,  overlying 
about  -10  ft  of  water- saturated  sedimems  (velocity  S.400 
ft/sec) .  above  pwna&eat  (vntoclty  10,7S0  ft/Mct  (nuthor's 
19S2  data) 
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triivels  throuyh  the  pi-rmalrost  attenuates  rapidly:  thus,  later 
.irnv.iis  n.\y  (:«■  idi'_;tiny  .ilshert.    Barnes  and  MacCarthy  [293 
recorded  :»  socnn.l -  .jmv  1 1  relr.irted  wave  tr.AVCling  through 
crystalline  scnist  hene.ith  frozer  ^lluvuim  ir  th<^  Tanana 
Valley,  Alask-rt:  RoeiMi  sberger  ^i.  ■)  -  recorded  >  5.-'cr-.nr:- 
arriViil  refr-iction  fro.-n  frczer  shole  t>er'e:ith  rrozen  s.3nas  and 
gravel?.  .-It  Ttiule.  Greenl-iria. 

The  ntttinu.-ition  of  energy  ir.iveiir^;;  through  the  perTiafrost 
l.iyer  Is  probably  caused  by  liie  ir.verse  velocity  gradient  with- 
ir  thi-  permafrost  which  haf.  higher  i.'ir.peratures  at  depth.  The 
yi-rtir.j,  permafrost  vcIoc  iim.v;  j'.ed  to  c-rmpute  the  Jepth  of 
Oedrock  layer-  should  gern-r.illy  In'  Ic-.vit  !hir;  the  .'.oilzontal 
velocities  re,7orJed  it  tne  s^rl.ire    sv  drill-hf'.e  I'-pths  or 
vertical  velocity  logs  are  a  valuable  oid  ir.  .nterpreiing  the 
s.iisraic  data.    Furthermore,  all  rofracticr  ne  i.-uinvrir-nt-.  of 
layers  beneath  the  permafrost  should  bo  accomparUod  by 
measurement  of  depth  to  permafrost  table  alorvg  the  entire 
-lel^imic  line,  because  changes  in  thickr.e??  of  the  active 
Iri.er  nay  produce  large  changes  in  the  jpf  jrent  v<-:oclty, 
which  may  be  nisinlerpreted  as  an  effect  ol  docp'-r  .  lyers. 

Refracticr.  ne-i  •luie.'nents  have  proved  the  most  useful 
procedure  '.01  -irL  iru  ■  'itiidies  of  permafrost,  but  other  seismic 
methods  for  i^'  o  juiiny  th^-  thickness  of  the  permafrost  layer 
have  also  twen  tried.    Crowley  and  Hanson  ^  30]  attempted  to 
use  flexural  wave  dispersion  to  measure  the  thickness  of 
frozen  alluvium  in  the  Tanana  Valley,  Aln::k.i.    This  dispersion 
was  observed  on  a  line  more  than  a  mile  in  length,  but  the 
lack  of  a  good  theoretical  model  prevented  a  satisfactory 
Interpretation.    Furthermore,  dispersion  measurements  require 
that  uniform  permafrost  thickness  and  elastic  properties  extend 
for  such  long  distances  that  the  method  does  not  provide 
sufficient  resolution  for  most  site  selection  problems. 

Crowley  [3;  1  used  o  high- resolution  reflection  seismograph 
(Southwest  Industrial  Electronics  Co.)  to  try  to  obtain  reflec- 
tions from  the  base  of  the  permafrost  layer.  Tests  were  made 
In  several  parts  of  Alaska,  but  only  one  seismic  arrival  was 
recorded  that  could  have  been  a  reflection  off  the  bottom  of  llw 
permafrost.    The  interpretation  of  that  arrival  could  be  ques- 
tioned.   In  mo.st  places  the  base  of  the  permafrost  lis  probably 
both  irregular  and  gradauonel  ao  that  it  doea  not  fom  «  good 
aelante  refleelor. 

ELSCnaCAI  PNOPBRTIBS  OF  PeRMArROST 

Almost  all  the  electrical  Investigations  of  penaafioat  la  North 
America  have  employed  DC  instruments  wUcil  awaauM  a*ll- 
potentlal  and  resistivity.   Earth  potentials  In  aietle  oraan 
exhibit  large  fluctuations  which  are  related  to  auroral  activity 
and  other  electromagnetic  phenomena  C32.  33].  However. 
Investigation B  by  MacCartfay  [34]  suggest  that  self- potentials 
also  respond  to  freezing  and  tiiawing  preceaaaa*  Resistivity, 
however,  is  the  property  that  has  been  uaa4  Ibr  naaauilng  tha 
size  and  distribution  of  permafrost  bodies. 

The  frozen  ground  reslstlviues  published  by  foestlng  In 
194S  [  3S]  are  still  the  best  compilation  Of  North  American  data. 
Table  II  was  prepared  largely  from  data  in  his  paper,  and 
values  from  Greenland  [  36]  and  Antarctica  [37]  have  been 
added.    .S<-ver.il  l.iiet  geophysical  parties  ^25,  33,  38]  have 
made  dc  resistivity  rre.^i  juroments  In  the  Tanana-Yukon  area 
wher-:^  Joestincj's  ohscrv.if.ons  wore  made.    Most  of  the  latar 
measurcmcntB  show  value 5  within  the  ranges  cited  by  him. 
The  only  resistivity  c.ttri  from  the  inve  5tig,ition  of  Naval 
Petroleum  Reserve  No.  4  are  well  logs  n-ade  a  short  time  after 
the  drilling  of  e.ich  well  was  completed.    Because  the  drilling 
procos.s  protiatly  thawed  a  large  zone  around  t-hc  well,  these 
resistivity  d.it.i  rire  rx>t  considered  typicai  .i:  rmT-n  rocks. 
The  resl.stivltles  shown  in  Table  I]  were  ail  obtained  from 
depth  st.itlons  m.-ide  on  the  ground  surface.    The  interpreta- 
tion of  ther.e  depth  .statior.s  ir.voives  problems  which  will  be 
discJLiiiiHi  ill  .1  Liter  sectior.  or.d  which  make  the  valuaa 
computeci  Irorr.  then-,  .somewhat  uncertain. 

Table  It  shows  th.-.t  t.Se  reidstlvitieB  of  frozen  rocks  and 
soi'.s  raay  be  1  0  to  mote  than  a  hundred  times  larger  than  the 
resistivities  of  unfrozen  rocks.   The  lowest  frozer.-rock 
resisuvities  shown  in  the  table  are  those  from  the  very  low 


Copyrighted  inaieiial 


TabU  II.  fiM  aiMMimnMito  of  mek  and  aoll  raaistlvitr  for 
dlnet  emrants 


RealstivlUes 

Ohn-<rm  x  \ 

Approx. 

Rock  type 

Locality 

Frozen 

Unfrozen 

Ref. 

Sil;  ar.d 
organic 

Yukon- 
Triiianfl 
Art"!.-! , 
Aldskd 

20-80 

0.36-19 

-I 

t35] 

Sand  and 

flnegr«vel 

n  •■ 

63-240 

2,2-7.1 

-1 

[35] 

Gravel 

n  ti 

7<-410 

10. 0-18. S 

-1 

[35] 

ComgloaM- 
nto 

CiiBla 

Olaiftet, 

Alaafca 

120-160 

2.2-7.0 

.1 

(3Sl 

Glacial 
drift 

Thule, 
Graanland 

30-400 

a  a  a 

-11 

l36] 

Gnaita 

M  n 

730-1371) 

•  •  a 

-11 

C361 

Baaaltic 
dahiis 

Scott  Hos<t. 
Antarctica 

I.S-IS 

«  •  « 

-21 

L37] 

Marina 
gravel 

Rallatt 

Base. 
Antarctica 

.32-4.0 

7 

I  37' 

tcmper.iturr-  rocks  in  the  Antarctic.    However,  both  of  thef.e 
measurcmurts  were  made  close  to  the  ocean  ond  may  Ix-  in- 
fluenced by  the  presence  of  saline  water.   The  table  does  not 
cover  a  sufficient  range  of  ground  tompcrafuros  and  Intcrstltlal- 
water  compositions  to  show  how  the?n  factors  affect  the  resis- 
tivities.   However,  both  resistivity  and  seismic  velocity  are 
similarly  Influenced  by  changes  in  porosity,  Interstitial 
fluids,  and  some  Uthologlc  factors  .36,  39].    Therefore,  the 
resistivity  of  frozetv  rocks  probably  shows  the  same  qualita- 
tive relationship  as  the  velocity  of  frozen  rocks,  although  the 
resistivity  is  especially  sensitive  to  the  amount  of  ionic  con- 
duction in  the  Interstitial  fluids.    The  Alaska  and  Greenland 
data  in  Table  11  saaoi  lo  confirm  lha  tendency  o(  (rosen-iock 
resistivitiaa  10  inavaaa  widi  both  loarar  temparatwaa  and 
Increased  oonpaetness. 

There  la  even  less  theoretical  and  laboratory  information 
for  quantitative  evaluation  of  frozen- rock  resistivities  than 
for  ftasan-rDck  velocities.   Cook  l40]  made  some  laboratory 
measurements  of  the  resistivity  and  dielectric  constant  of 
synthetic  permafrost  samples.  His  measuremanta  ware  made 
with  a  Q-raaiar  oparsttrkg  at  about  i  nn  nc  /sec  on  samples  at 
•  tanpantui*  of  -35° C.  His  result n<f  .iiown  m  Table  III. 

Thai*  valuaa  ara  significantly  lower  than  thosa  obtained 
Sn  tha  flald  with  DC  pioapactlng  technlquaa— an  unaicptoliwd 
dlffennea  that  may  ha  rolatad  to  ilia  itlffaMnca  In  naaaura- 
oMfit  taehmquaa.  Additional  data  ax»  avallabia  In  tha  Ihiaalan 
literature  C  41  ] .  HOwavar.  many  Inveattoattaaa  of  tha  raala- 
tivity  of  unfrozen  locka  C42l  show  that  the  raalatlvlty  la 
lai^aly  a  funcuon  of  Interatltlal  fltOda. 


ftbte  in.  Radle  (raqueney  properties  of  synthatle  pevaiafteat 
at  1W>  aie/aaeaiid  -ss^c  Ciol 


Resistivity 
(ohn-eiri 

Dielectric 
eonatanl 

Frozen  tap  water  with 

0.2%  Ca(HC03)2 

2  500  000 

3.S 

Frozen  tap  water  in  coarse  sand 

120  000 

4.5 

Frozen  wet  sandy  day 

13  000 

5.0 

Brown  soli 

20  000 

4.4 

High  Tci  ci.iy 

6  800 

7.0 

High  Ai  clay 

62  000 

3.3 

Limy  mud  (lagoonat) 

14  000 

3.6 

Silica  nud  (diatomaceous) 

13  SCO 

1.0 

RtS:STl\nT:  SURVEYS  IN  ITRMAXROST 


Tlu>orfticii:y ,  ri>si?:tlvlty  mertSurrtrn<-rit:^  on  thts  ground  surface 
.tri:  [rop.iblr  of  lijtrrmlnlng  both  the  hoiliont.-.l  .mci  vijrilcnl 
extent  oi  butiii:!.  high-reslstlvsty  bodlfis,  such  as  permafrost 
layers.    Howuvor ,  inloipK't.^Uon  of  \:v  Uvld  d.jt.n  involves 
comparisons  with  rc5ult3  computod  for  simple  mothorriatlcal 
models  that  arc  seldom  closely  approximated  in  nature,  anc; 
solutions  are  r.ct  unique  for  tiny  but  the  most  simple  field 
conditions.    Small  V3ri.:itions  m  temp.Dratur,? ,  lithoiogy,  and 
vegetation  can  cause  large  resistivity  variations,  which  are 
■rier.eTa.'.y  departures  from  tha  Blapla  cmaUtloiia  that  Can  ba 

analyzed  mathernflUCflHy , 

Fu-hl  mi"!:i;^un-iTH":nt.s  in  Koitli  AintMlca  qt^nfir.illy  t-mploy  0ia 
Wenner  configuration  of  four  equally  .spaced  and  aligned 
ifiactrodes,  in  which  current  enters  the  ground  at  the  outMiut! 
electrodes  and  potential  Is  measured  at  the  inside  electrodes. 
Horizontal  chanyss  in  resistivity  arc  detected  by  keeping  the 
electrode  sp-acms  const,2nt  and  moving  the  array  along  a  trav- 
erse in  steps  that  are  usually  equal  to  either  One  or  one- half 
electrode  spacing.    This  procedure  has  been  quite  successful 
for  indicating  discontinuities  In  permafrost  occurrence  and  in 
thickness  of  overburden  (Fig.  51  .    In  some  areas,  changes  in 
rock  type  or  permafrost  depth  cause  c-ppdrent  resistivity 
changes  that  are  as  large  as  the  changes  caused  by  the 
presence  or  absence  of  permafrost  in  other  areas,  but  an 
expariancad  observer  can  usually  Identily  the  cause  of  the 
vaalatlvlty  changes  correctly. 

If  tha  center  of  the  electrode  array  remains  In  one  place  and 
tha  alactrodo  spacing  Is  gradu.ally  enlarged,  data  for  a  graph 
of  apparent  resistivity  versus  electrode  spacing  are  obtained. 
This  graph  gives  an  Indication  of  the  variation  of  raststlvlty 
with  depth.   Since  these  "raalstlvity  depth  stations"  can  indi- 
cate the  thickness  of  pannafrost,  they  have  been  uaad  in  noat 
arctic  and  subarctic  resistivity  .ttudies.  Fig.  6  showa  a  log- 
log  plot  of  apparant-raslstlvity  data  obtained  from  a  dapth 
station  on  an  alluvial  fan  near  Tok  Junction,  Alaska. 

lha  flald  data  did  not  include  anougta  nadlngs  at  imall 
electrode  spaclngs  to  define  a  smoolh  eurve  on  the  left  side 
of  the  figure,  and  no  theoretical  curve  that  matches  the  data 
at  these  spaclngs  was  found.   However,  the  two  lines  In  the 
figure  are  theoretical  curves  obtained  from  Mooney  and 
Wetzel  l43],  which  fit  althar  tha  2.  S.  or  10  ft  data.  Both 
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EltctrclJe  teporotlon  jR  fMt 
rig.  6.   ReslsUvity-depth  data  and  imerpretatlOM  (author's  data) 


ctMvea  give  ttoptha  (e  an  underlying  low- resistivity  layer  that 
apptoxtmately  agraa  with  a  29  ft  depth  to  the  bottom  of  parma- 
frost  obtained  from  temperature  meaauramanta  In  a  marby  drill 
hole.  Howavert  the  cuivea  Indicate  quite  dlffarant  condttlona 
at  tho  top  of  tho  penaaftoat,  and  thus  show  the  dtfflculttea  of 
oonwutlao  pMiMfnat  leilstlvltles  itoin  field  raeaaufements. 
Moie  obaetvatlons  at  amall  electiode  spaclnss  would  have 
allinlnatad  much  of  thla  uneartalnty.  Fits  wrtilch  were  nearly 
aa  good  could  also  have  been  owde  with  cufvea  computed  for 
odier  models  that  would  not  repretent  expected  field  conditions- 

The  computed  curves  used  for  enalysing  the  date  in  Fig.  S 
were  obtained  fay  a  high- speed  oonputer  and  were  published  in 
19SS  C43] .  However,  most  tests  of  resistivity  techniques  for 
meesurtng  pefmafiost  thickness  were  made  in  earlier  yeers 
when  only  two>leyer  end  a  very  fow  thiae-^layer  euives  wet* 
available.  Since  meat  iMKnafiost  problems  involve  three^  or 
four- layer  eases,  the  early  data  had  to  be  interpreted  fay 
several  pertly  emplrloal  tedinlques  for  comfatolng  two- layer 
eurvea  or  for  emphasising  the  Importance  of  mall  tnnda  In 
the  field  data  tzS'i.  The  pubUeetlon  of  about  3S0  three- tsyer 
end  more  than  2000  four* layer  euives  t43l  thus  provides  • 
nnieh- Improved  tool  for  the  interpretation  of  reslstivlty-depth 
data. 

Many  of  the  field  ewvoe  bom  permefteat  fmrestlsMlens  afo 
more  complex,  however,  tiian  amy  of  the  oomptrted  curvet,  and 
probably  represent  condiuons  involving  gradatlonal  layers  or 
more  layers  and  larger  variatlOAB  in  resistivity  than  those 
wMch  were  matheatatloally  computed.  £)iamlmtien  of  field 
data  fioM  more  than  SO  pecaiateBt  atatlona  In  Maaka  indlealea 
that  owst  of  the  data  obulnad  before  19M  did  not  Include  a 
autflelant  numbar  of  readings  at  small  and  large  electrode 
spaclngs  to  adequately  define  the  curve  shape.  If  enough 
readings  had  been  obtained,  approximately  one-  fourth  of  these 
Improved  curves  could  be  matched  riq  tin:  1  eompuied  curves, 
and  an  experienced  attalyst  could  probably  use  the  computed 
curves  and  various  curve  combining  techniques  to  interpret 
onother  hail  of  the  ficlfi  curves.  The  remaining  quarter  of  the 
Alaskan  i>erniairosi  st.itions  produced  curves  that  are  too 
complex  for  tnterproutlon  by  existing  techniques. 

Fig.  6  can  be  used  to  illustrate  another  factor  that  makes  the 
determinations  of  permafrost  thickness  by  resistivity  measure- 
ments difficult.  Ihe  downward  slope  indloaUng  the  low  resis- 
tivity material  beneath  the  permafrost  begins  at  an  ele<nrode 
separation  of  about  60  ft  and  is  not  adequately  defined  until 
the  separation  is  more  than  ISO  ft.   This  means  that  the  total 
electrode  ariAy  h^d  to  be  more  thiin  ■^50  ft  lor.g  to  me<isure  a 
pentirtfrost  thickness  ol  less  than  30  !cet.   Thlrker  F^^rmofiost 
would  require  proportionately  longer  sprcnds,  bi.-t:.ius<-  lorig 
electrode  separations  are  required  to  measure  the  thickness  ol 
any  Insulating  layer  lyirrj  Dorwron  the  r-«o  cnr  lii-tiv-:' 
the  condition  encountered  in  permafrost  areas  in  summer  when 
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the  active  layer  thaws.  The  main  difficulty  in  usliv]  lottg 
spreads  is  that  uniform  layers  seldom  extend  lor  long  dis- 
tances, so  that  the  electrodes  cross  lateral  variations  in 
active-layer  thickness,  which  cause  many  curve  irregularities 
and  hinder  Interpretation. 

Three  Improvements  might  be  made  in  electrical  tech- 
niques for  measuring  permafrost  thickness.  If  resletlvlty 
measurements  were  made  in  late  winter  or  early  spring,  the 
active  layer  would  be  (rosen,  ahoiter  weada  would  be  ade- 
quate, and  the  curves  obtainad  would  ba  smoother  and  easier 

10  interpret.  If  AC  or  oommuiatad  DC  aqulpiMiit  wan  used, 
potential  fluotuatkMia  caused  fay  telluric  eumnts  Miuld  faave 
less  effect  on  the  raedlngs.  and  amall  potential  eletmodes 
ocHild  be  used.  This  woidd  yield  better  readings  at  small 
electrode  aeporattona.  Plnally,  eleetromagnetlc  teduUquea 
are  now  available  which  can  nMaaura  the  depth  of  btitod 
eonduciora  without  uatng  lomr  olaetiede  apreads.  Thea* 
methods  have  been  uaed  In  petmafioai  investigations  In  tho 
USSR  C4ll  and  ahould  be  teated  in  North  Aaierica. 
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INSTRUMENTS  FOR  TEMPERATURE  MEASUREMENTS  IN  PERMAFROST 


fl.  L.  HANSEN,  U.S.  Army  Cold  RsQlons  Research  and  Engineering  Utxxatory 


The  scope  of  this  paper  Is  restricted  to  three  of  at  least  12 
temperature-measuring  methods  using  probes  In  thermal  equi- 
librium with  media  whose  temperature  Is  to  bo  measured.  The 
requirements  that  must  be  mot  in  the  Installation  of  probes  to 
measure  the  temperature  of  permafrost  within  specified  limits 
of  error  have  been  considered  by  others  [11,  12] . 

The  three  methods  discussed  arc:  (a)  Resistance  thermom- 
eiers,  (b)  thermocouples,  and  (c)  semiconductor  techniques 
(thermistors) . 

Equipment  described  under  each  of  these  three  headings  is 
suitable  for  use  in  a  polar  environment  In  that  It  is  reasonably 
robust,  portable,  and  accurate  when  subjected  to  and  used 
over  a  wide  range  of  ambient  temperatures. 

RESISTANCE  THERMOMETERS 

Operation  of  resistance  thermometers  is  based  on  the  fact  that 
the  electrical  resistance  of  most  metals  Increases  with 
Increased  temperature . 

The  first  use  of  this  principle  Is  credited  to  Siemens  in 
1871,  and  Callandar  laid  the  foundations  of  modem  resistance 
thermometry  in  1887. 

Resistance  thermometers  are  the  most  accurate  of  all  tem- 
perature-sensing devices  and  the  International  Temperature 
Scale  Is  defined  in  terms  of  the  resistance  of  a  platinum  ther- 
mometer from  the  oxygen  point  (-183°C)  to  the  freezing  point 
of  antimony  (630. S°C) . 

The  first  resistance  thermometer  system  made  specifically 
for  use  In  a  polar  environment  was  built  by  Leeds  &  Northrup 
for  the  United  States  Antarctic  Service  Expedition  of  1939-1941. 
This  system  has  been  described  by  Wade  [1]  and  Is  very  sim- 
ilar to  the  equipment  used  by  U.S.  glaciologlsis  In  the  Inter- 
national Geophysical  Year  program.  Similar  equipment  was 
used  until  1961  in  Alaska  by  the  U.S.  Army  Corps  of  Engineers 
Arctic  Construction  and  Frost  Effects  Laboratory  (now  U.S.A. 
CRREU  [2]  to  obtain  ground  temperature  data  at  various  test 
sites.  The  equipment  is  still  being  used  in  Antarctica  (rig.  1). 
Fig.  2  is  a  theoretical  diagram  of  the  system. 

The  resistance  thermometer  (T)  consists  of  a  coll  of  fine 
copper  wire  wound  on  a  metal  bobbin  which  is  soldered  to  the 
inside  of  a  protective  brass  sheath.  The  sheath  also  provides 
a  moisture  seal  and  strain  relief  for  the  3  load,  (A,  B,  and  C) 
rubber  covered  cable  which  connects  the  resistance  thermom - 


rig.  I.  Triple -range  temperature  Indicator  and  reslstanc* 
thermometer 


rig.  2,  A  double -slldewire  bridge 


eter  to  the  temperature  Indicator,  These  thermometers  have  a 
roslstanco  of  100  ohms  at  2S°C,  and  their  rosistancc-vorsus- 
temperaturo  curves  match  to  within  O.I'C  over  the  range  -65° 
to  25°C.  The  thermometers  were  obtained  with  hermetically 
sealed  leads  10  to  100  ft  In  length. 

The  temperature  indicator  Is  a  dual  slldewire  Whoatstoni 
bridge.  The  slldewires  (S  and  Sj)  are  mounted  on  a  drum  which 
is  calibrated  to  indicate  the  temperature.  The  slldewires  are 
so  proportioned  that  the  bridge  ratio  Is  always  unity;  I.e., 
W|  is  always  equal  to  AV| . 

At  balatice  VB  ♦  BCj  =  (AVjAfVj)  (T  +  AD);  If  the  resistances 
of  the  liMils  (BC]   and  AO)  are  equal,  the  resistance  of  the 
arm  (VB)  Is  equal  to  the  resistance  of  the  thermometer  (T) 
regardless  ol  the  length  of  the  leads. 

The  tf  mporaturo  Indicator  has  three  ranges:  The  low  (black) 
range  is  from  -6S°  to  -30'C;  the  middle  (green)  range  is  from 
-ib'  to  0.4''C;  and  the  high  (rod)  range  is  from  -5°  to  30.5°C. 
The  rarkges  are  selected  by  a  plug  and  block  system  across 
coll  R. 

The  scales  are  graduated  In  Intervals  of  0.2^C,  the  indica- 
tor can  bo  balanced  and  temperatures  estimated  to  0.02''C, 
and  the  indicator  has  a  limit  oi  error  of  0.1°C  when  operated 
at  any  ambient  temperature  within  Its  range. 

The  combined  limit  of  error  of  this  resistance  thermometer 
system  is  ±  0.2''C.  However,  Wade  reports  "Tests  with  the 
thermometers,  before  they  were  shipped  to  the  Antarctic, 
showed  thai  tompcraturo  me«suremonis  made  with  any  one  of 
the  resistance  colls  connected  to  either  of  the  indicators  were 
accurate  to  better  than  0.1°C  throughout  the  range  -70°  to 
-KlO'C."  Our  own  tests  Indicate  a  probable  system  error  of 
tO.l'C. 

The  final  element  to  b«  considered  Is  stability.  Tempera- 
ture Indicators  which  hove  boon  in  service  eight  years  still 
meet  the  specified  limit  of  0.1°C  (in  fact  the  average  deviation 
is  0.04°C)  throughout  the  range.  Resistance  thermometers 
have  been  calibrated.  Installed  In  the  Antarctic  snow  and  ice 
for  several  years,  and  then  returned  to  the  Bureau  of  Standards 
for  calibration.  These  thermometers  arc  still  matched  to  within 
0.1S°C  and  the  deviation  at  the  ice  point  is  not  nor«  than 
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0.2°,  17  years  after  they  had  been  manufactured.  TlM  diMt 
from  the  original  calibration  is  less  than  this. 

This  resistance  thermoractcr  system  is  truly  rugged,  port- 
able, self  contained,  and  stable  over  o  long  period  of  time. 
It  provides  a  temporary  sensitivity  of  0.02  C,  -jnd  cer- 
tainly accurate  to  within  »0.2  'C,  and  probably  to  within 
0 . 1 '  c ,  whm  ua«d  at  any  amtalant  tamparatunB  within  Iti 
range. 

THERMOCOUPLES 

The  principles  ot  thormoelcctnc  thormorrcrtry  .iro  ad.iqjately 
described  in  a  paper  on  that  sub;.:ct  by  Roeser    j  . 

The  use  of  thermocouples  to  mc.iauri.'  U'nitH't.itnii'  ;n  jorma- 
Irosl  is  usually  restricted  to  applications  whi  re  gre  at  accuracy 
Is  not  required,  the  cost  of  a  resistance  thermometer  Installa- 
tion 13  :.at  warrented ,  or  the  siraU  SlM  and  flaxIMUty  Of  Hm 
thermocouple  is  required. 

The  system  to  be  described  i-r.n a  1  :mi:  r.t  i:i.:!<-  c  i(,p<'r 

constantan  thermocouples,  a  rciejri'nco  junc'K-.n  in  .in  ice  bath, 
and  Ji  po:t.!ble  precision  potentioir.c c.3hbr.3;cd  in  both  tem- 
perature and  millivolts.   It  has  beer,  extensively  used  both  in 
the  laboratory  and  In  the  field. 

Fig.  3  is  a  cirrull  diagram  ol  the  [;<jrt.ibli'  (rfi-is:on  poten- 
tiometer, Rublcor.  N^odu  I  ^2735 -Spec  u  1 .    The  iymniL'lry  of  the 
Circuit,  the  nearly  equal  ohmic  value  and  identical  construc- 
tion of  the  colls  comprising  the  two  branch  circuits  Is  believed 
to  be  responsible  for  the  excellent  performance  of  this  instru- 
m<'ni  (iv<  r  a  wide  range  of  ambient  temperatures.  The  slldewire 
on  these  Instruments  was  calibrated  by  Rone  Ramseier  of  USA 
CRRIL  after  the  Instruments  had  come  to  thermal  equilibrium 
at  tanperalurea  from  -10'  to  28°C  and  found  to  be  within  the 
■paelflad  Unit  ct  mttet  ot  Id  iH.  The  aam  ahlft  did  net  aiieaad 
3  (iV. 

The  slldewire  is  calibrated  In  0.5°  increments  from  -flO'  to 
26'C  for  copper  constantan  presuming  the  use  of  a  reference 
Junction  at  O'C  and  in  2D  uV  Increments  from  -2.78  to  1.04ibV. 
The  instrument  can  be  balanced  to,  and  tenparaturaa  ettlBWtad 
to ,  ij .  I'c  when  used  with  themoowptos  whom  raaUtaneo 
does  not  exceed  $0  ohms  . 

Th«  scale  covers  the  range  to  •60*C  so  that  the  caUbratlon 
of  thermocouples  can  be  checked  at  the  carbon  dioxide 
point  [4]  and  or  at  the  frcczir^g  point  of  mercury.  6y  call- 
teatlng  the  theniiocx>uples  with  the  InstnmMnt  at  tha  tafflperatuM 
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rig.  3.  A  portable  thermocouple  potentiometer 
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sary  to  avoid  breaking  the  galvanometer  suspension  and  an  ice 
balb  la  raqulrad  for  tha  rafamnoo  Juiwilan. 

8EUICONDUCT0S  TECHNIQUEB  CTHERMISTORS) 

Sever.il  .ircas  ot  investiqatior, ,  such  js  the  geothermal  studies 
of  permalrosi  and  the  stability  oi  structures  built  on  and  in 
permafrost  or  ice,  require  taaparatim  data  wtaara  0.01"C  li  a 

significant  figure . 

The  suitability  of  thermistors  for  such  application  has  been 
adequ<!te!y  demonstrated  by  the  United  States  Geological 

Sur.'cy    'i  ^  . 

Fncdbicia  [6]  has  presented  a  concise  summary  of  the  use 
ol  s>j.Tiicoiiductors  as  Lhermomcters  which  cllaa  mat  Of  lha 

uselui  reli'ipnr«>s  known  to  the  niMthor. 

Thi'  ; 't f-' .-i li n t  pi^iiitiuti  .n  &.f-  -Se  of  thertr.lstors  tor  precise 
itiEr^;  iTrjUii'.;  iiic.iiurtM:ii-riis  li  lo  ^t;  ^rcl  a  suliablu  thernistor 
type  for  iJie  p.iitu'ul:"!.'  spplLcatlo:-.;  procure  a  few  mcrt-  than 
will  Liv  t V qu:! '.: -.1 :  ;icj<-  tiu-m ,  diicafJir.g  those  which  are  not 
st.ibli-;  o,illbr-ir<'  Hi  oi--  :-'i:i-.i:,ing  over  the  required  range 
if'viT.il  tinii'-:;  tnen  [t  'p-»r*'  rr  ;.i  st^rTf  vr"Tf.u5  !en'.fM?rftture 
tjblrs  from  the  roliii.'jtlo.',  djl.t.    Tt.'inpi.T.Huri'  :;b;iiTvatiOn» 
are  made  by  measuring  the  resistance  oi  the  thermistor  and 
coiivc-ftlng  the  observed  resistance  to  a  laBiperatim  uataiQ 
Che  appropriate  table  of  formula. 

Selection 

Usually  a  glass  praiM  Of  bead  type  Is  dioaati  wtaos*  ratlstane* 
will  not  exceed  100,000  ohms  or  be  laas  than  1000  ohflis  over 
the  desired  temperature  range . 

AGING 

The  thermlBtors  are  aged  by  :ycii;.>;  them  between  (he  boiling 

point  of  water  and  the  sublimation  temperature  of  carbon 
dioxide,  measuiing  the  resistance  at  the  triple  point  of  water 
after  each  jx-riod  at  the  boiling  point.  Those  thermistors 
which  are  stable  to  within  0.002°C  at  the  uiple  point  are 
caUbrated. 

CAUBmnON 

The  resistance  ol  the  thermistor  l.»  measured  using  a  5-deca(ie 
Whca'stone  Bridge  whose  calibration  Is  known  to  Q.Ul'ft. 
Measurements  are  n  -.d'-  ■(  lixi-rj  points  su>  h       '-hf  [:.iii3itlon 
temperature  of  sodum  sulfjU;  U2.38°C),  th"  tfiph'  ptisnt  of 
w,3!er  (0.01'C),  and  the  freezing  poin:    >  n::  i  u;y  (-38.B7'C), 
or  In  controlled  temperature  baths.  The  calibration  standards 
are  platinum  resistance  tharnonatars  earttfiad  by  tha  Nationai 

Bureau  of  Standards. 
PREPARATION  OF  TABLES 

Tha  rasiaunga  maaautaawntt  at  varloaa  tamparaturaa  era  used 
to  datanntna  the  three  oonstaats  In  tha  fonmtia 
tog  R  *  A  +  B/(T  *  tf  wtiafe  R  la  dia  tharmiator  rasistanoe  at 
d>a  tanparatura  (T);  A,  B,  and  9  aia  oonatants.  Use  of  thta 
fonnila  was  prepesad  by  Boaaon  [7]  and  Swarta  [8] . 
iMoaid  E.  Btanlay  of  USA  CRRBLhas  pcapand  a  pragram  fat 
riM  Bandta  G-1$D  eonpuiar  whldi  la  used  to  avahiata  tha  een- 
atents  and  prapara  tablaa  of  R  aa  a  tunetlon  of  T  at  0.1'C 
Inisrvala  over  tha  tanga  -40"  to  35*C. 

Iba  question  of  how  wall  this  fonmla  tlta  dia  diannUtor 
data  Iwa  bean  axaaibiad  by  Clark  [9]  and  Roaa  [  10] .  Ross 
found  that  tha  deviation  of  coiaputad  from  obaarvad  tanpera' 
tiaaa  does  not  axoead  0.02$*C  ever  tha  tabulaiad  range  and 
that  the  deviation  oucva  would  be  appUoabIa  to  aU  diannlators 
of  tha  aaoM  type  eaUbiMed  at  lha  aana  tesiparaiucea.  Tha 
deviation  could  be  ndaoed  to  laaa  than  0.01*C  by  caUbratlng 
«t  1S«C  bitenrato  over  (ha  desired  range,  altheuqlh  tt  ta  ivob- 
ably  slmplar  and  man  aeonemleal  to  include  tha  ooiraellen 
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that  has  already  been  determined  In  the  computer  program. 

The  problem  of  making  resistance  measurements  of  the 
required  accuracy  in  the  field  has  been  a  bit  more  difficult  to 
solve . 

The  usual  laboratory  equipment  used  to  measure  resistance, 
or  electromotive  force,  contains  a  numher  of  wire-wound  colls 
which  determine  the  calibration  o(  the  equipment.  These  colls 
are  usually  wound  with  manganln  wire,  whose  resistance  Is 
nearly  Independent  of  temperature  under  normal  laboratory 
conditions . 

Fig.  4  shows  how  the  bridge  correction  factor  for  a  G-1 
Mueller  bridge  with  manganln  colls  varies  as  a  function  of 
temperature.  The  significance  of  this  factor  depends,  of 
course,  upon  the  accuracy  required.  As  an  example,  if  this 
bridge  was  used  in  conjunction  with  a  100  ohm  copper  resist- 
ance thermometer,  the  measured  values  would  be  in  error  by 
0.25°C  at  an  ambient  temperature  of  -IO°C,  Increasing  to  I'C 
at  an  ambient  temperature  of  -50°C. 

If  the  same  bridge  were  used  to  measure  the  rosisianco  of  a 
thermistor,  the  resistance  error  would  be  the  same  but  the 
equivalent  temperature  error  would  only  be  one -tenth  as  great; 
this  Is,  of  course,  a  major  reason  for  using  thermistors.  The 
error  is  still  ten  times  larger  than  the  O.OI'C,  which  is 
desired  as  a  significant  figure. 

Some  temperature  and  stability  tests  on  resistance  colls 
wound  with  Cvanohm  wire  showed  that  if  a  Wheatstone  bridge 
had  similar  coils  for  Its  ratio  arms  and  the  two  highest  dec- 
ades (1000  ohms  and  100  ohms)  the  necessity  for  bridge 
corrections  could  be  eliminated. 

A  prototype  facility  for  measuring  the  resistance  of  ther- 
mistors was  built  and  shipped  to  Leeds  and  Northrup,  who 
had  agreed  lo  build  several  similar  units. 

The  special  Wheatstone  bridge  facilities  (Fig.  S)  which  are 
designed  to  measure  the  resistance  of  thermistors  in  a  polar 
environment  have  an  input  connector  and  probe  selector  switch 
so  that  measurements  can  be  made  on  a  cable  containing  a 
number  of  thermistors,  an  adjustable  and  metered  bridge 
voltage  so  that  self  heating  of  the  thermistors  can  be  limited 
to  an  acceptable  value  (not  over  0.001°C),  and  an  electronic 
null  detector.  The  ratio  arms  and  the  two  highest  of  the  five 
decades  are  made  of  Cvanohm  wire.  The  equipment  has  a 
limit  of  error  of  0.OS%  when  operated  at  ambient  temperatures 
in  the  range  of  -30°  to  30''C.  This  is  equivalent  to  an  error 
of  tO.OI°C  in  the  temperature  measurements. 

Field  tests  have  shown  that  it  is  possible  lo  make  tempera- 


rig .  S .  Wheatstocve  bridge  (aciUty  for  th«rinUtar» 


turc  measurements  in  permafrost  with  a  limit  of  error  of  0.02°C 
and  a  sensitivity  and  reproducibility  of  0.002'C  using  the 
instrumentation  which  has  been  described. 
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DEW  LINE  SITE  SELECTION  AND  EXPLORATION 


T.  A.  HARWOOD,  OstenM  ResBvcb  Board,  DepartniMit  ol  Notloiwl  DsfmM,  Cuiada 


Construction  and  site  exploration  m  northern  regions  Is 
affected  by  three  xain  factors:  Logistics ,  cllnate ,  and  terralr.. 
This  applied  particularly  to  site  exploration  for  the  DEW  line. 

The  DLW  Line  was  sited  generally  along  the  69th  parallel. 
I;  was  urgent  lo  construe;  dirflt-lds  and  buildings  In  the 
summer  of  1957.  Thus,  site  surveys,  selection,  and  explorj- 
tion  had  to  be  made  In  late  winter  and  spring  of  the  same  year, 
i.e..  between  mid-February  and  mid -June. 

The  sites  extended  for  2000  miles  from  trie-  Ccijijdian- 
AlaSAa.-.  D  .'filef  -.2  vhf  tdqe  ::  {i^t:v.i  Bj'/ .  S-te  exi- lurr^t.o:-. 
par'.iC'a  fx^ei.ijnced  a  wide  climate  .-ange  as  Lney  moved  along 
till-  liii;:  .Hill  .il;r:  ri till;  .-.r.ison  progressed  into  summer.  Tem- 
p<'raturc3  m  ihv  bugmnuuj  wtTe  Sfv«:rfc,  (-'16  I'  in  central 
Canada  in  early  March),  but  .T.r.dcr.ilfd  to  the  mid-  iU's  in 
June.  Snow  cover  ranged  from  a  few  inches  on  the  central  sites 
to  a  few  feet  on  Baffin  Island. 

Soil  conditions  ranged  from  ril!uv:al  slits  mainly  l.i  the 
west,  disir.tegirtted  hme  •itor.r     inl  i.'i.ilor.  (in  situ  soiis)  in 
the  cer.trni  ri'g;or:5,  to  iMtr;  mot.imorphOscd  rocks  in  the  east. 
Or.  cert.iir.  nir!n'ld  sites  in  the  cast,  valleys,  because  of 
marine  submergence  ,  were  liUed  with  a  material  similar  In 
.Tiany  ways  to  the  Leda  clays  met  with  in  the  Ottawa  Valley, 
All  Sites  were  underlain  by  permafrost  with  the  active  layer 
VWytnV  &On  6  ft  in  the  we^t  inn  cost  10  as  little  as  3  ft  in 
atutm  OMitral  altea .  Permafrost  was  In  all  caaea  ogntlnuoua 
■Ml  of  unknowfit  thtekneaa. 

SnECMTClUA 

For  tbe  OEW  Una,  throa  basic  typea  of  sutlona  wen  uaad. 
BulMIng  GonstroctloR.  axoapt  towsra,  waa  of  the  aama  baalc 
nodular  dealgii;  Ihesa  nwdular  buildings  were  extended  by  the 
addition  of  other  tDodules.  Hanoe,  the  word  traii^  (train  of 
nodules)  for  a  building  oenpleix  was  developed. 

All  eiritrips  bed  idenlieal  design  entsria  (USAT  ATCIB-P, 
Mercb         dilfering  only  In  lengtii. 

Sites  were  United  geogrepfaleally  by  the  requlnd  spaeiiig 
of  sMtloae  on  the  line  with  upper  and  lowar  Units  to  dils 
apaclag.  Thia  lafi  about  10  sq  aiilaa  In  tiAicdi  sites  eould  he 
chosen. 

Wherever  possible,  SMps  and  alrpliolos  weie  used  lo  pln- 
pobtt  deslreble  sites,  one  orileria  being  that  the  site  should 
be  on  tha  hlgheat  hill.  However,  in  regions  such  as  the  Pelly 
Bay  area,  one  of  the  npat  Inacoeaalble  alias,  no  vsrtioal  or 
other  suitable  portion  of  an  oblique  pboiograph  was  av«llabla 
for  contouring  so  that  site  selection  bad  to  be  aiade  on  tfaa 
spot. 

Sm  SELECTION  AND  SURVEY  TEAMS 

Six  site  survey  teams  were  famed  by  the  oonsultlng  engineers 
(Knappen.  Ttbbets,  Abbott,  and  MeCatth)^ .  bieltided  were  e 
party  chief  (geologist  or  surveyor],  surveyor,  soils  engineer 
or  geologist,  driller,  cook,  and  cook's  helper  and  handynan. 
Most  parties  had  an  aircraft  thus  adding  a  pilot  and  aiedianlc. 
Each  party  was  completely  self  sufficient  and  tttaoietically 
independent  Of  the  nalor  contractor  who  followed  them  into  the 
Held. 

Since  climate  and  geological  conditions  were  so  harsh,  aile 
survey  criteria  sheets  were  madr  up.  These  sheets  asked  a 

series  of  questions  that  were  divided  into  lists  tor  each  major 
unit  or.  the  'lite.  I.e.,  uain,  towers,  garage,  roads  and  air- 
strips. woti.T  supply,  .uid  .-iewige.   ( See Appeiidtx.  "Site 

Criteria  Boole,"  .it  end  ot  this  .iiticl!-.) 

Before  going  into  the  field  the  chief  engineer  of  the  consult- 
ing compiiny  briefed  each  party  on  the  ^iptimum  answers  to  coch 
quesii  ir  .irn:  '.tir  ri-l,r.lve  Importance  of  each  q-jestlo.-. .  Sites 
within  the  site  region  were  chosen  by  the  party  on  the  basis 


of  those  questions  and  a.nswers.  That  the  system  worked  well 
Is  shown  by  the  fact  that  of  over  40  sites  only  tv/o  airfield 
locations  were  changed,  one  for  proximity  (a  reduction  In 
length  which  brought  the  airstrip  oloeer  to  the  atabi)  and  one 

(or  meteorola<]ical  reasons. 
FOUNDATICN-S 

Since  '.111-  Un:-  '-xt-.-TidHd  '.ivc:  .iiMiii  .T.lles,  It  was  quite  apparent, 
due  to  ge::l..:<j;i.Ml  [ .- . .  Vln      :,  ,   that  !;<.>li  conditions  might  be 
classed  into  three  basic  tyr<'L;:  (.■.)  Ferenn!a!!y  frozen  silts  with 
Ice-lenses  of  some  magnit jdc  (tj)  in  situ  dcvriofiod  soils  and 
screes  with  little  ice-lensmg;  and  tc)  Dare  rock,  perhaps  In 
places  with  "pushups."  It  was  therefore  summarily  decided  by 
the  general  contractor  and  consulting  engineer  birfnre  going  Into 
the  field  that  there  would  bo  t.-iri:':  main  types  of  lour.d.3tlon . 
These  were  t?  be:  (j)  SK-amcd-ln  piles;  (b)  pads  with  mud  sills: 
and  (c)  s\lli  t ilttd  to  tno  rock.  All  buildings  were  to  have  an 
airspace  and  be  4  ft  off  the  pad  (or  rock)  to  minimize  thawing 
effect  and  snowdrlftlng . 

This  arbitrary  distinction  in  foundation  design  broke  the  line 
Into  three  major  construction  units:  (a)  Pile  foundations  from 
the  U .  S. -C.Hnadlfln  border  to  Liverpool  Bay  es-it  of  the  Mac- 
kenzie River:  (h)  pad  foundations  from  Liverpool  Boy  lo  central 
Baflln  Island  (with  some  exceptions):  (c)  rock  boltod  founda- 
tions generally  down  the  east  coast  of  Baffin  Island.  Tor  this 
reason  the  soil  survey  for  building  foundatlona  oould  be  rela- 
tively simple— and  considering  climate,  frosen  ground,  and 
snow  cov«r— had  to  be. 

AIRSTRIPS 

In  the  ease  of  alralrips  the  first  consideration  wraa  approach 
aitglaa:  second,  the  proximity  of  roasts  and  antenna  airays. 
When  (hose  two  nam  criteria  had  been  considered  it  was  pos- 
sible to  assess  such  diUiga  as  grades,  fill,  flU  nalarini  evail- 
abk,  and  finally,  soil  coadltlona.  Within  linlta,  soil  condi- 
tions were  completely  dlsragwded  If  auftlcient  granular  fill 
were  avetlable  ihat,  hi  the  estimation  of  the  site  plannera, 
would  allow  a  tubgrade  dtlekness  to  be  built  up  to  pcoieot  the 
nataral  paraiafroat  or  even  bnluce  pemafroct  into  the  enplaoed 
materiel  Itself. 

In  eonw  places  beacb  material  waa  laid  directly  over  lakea 
or  tagoons,  oowarlng  about  a  loot  or  so  of  Ice  froeen  to  the 
bottom.  Here  die  Idea  was  to  develop  quickly  en  airetrtp  for 
spring  and  early  suaunsr  so  that  constractlon  of  building  ehells 
could  continue  dmugbout  the  suauner  hefora  a  sealift.  In  at 
leaat  one  case ,  fill  material  was  placed  over  4  ft  of  lee.  This 
artificial  loe-lens  haa  mnalned.  although  soom  slunpuig  of 
the  malarial  haa  ooouiied  at  the  edgea  of  thia  particular  alr- 
atrlp.  Oeneralty,  soil  and  pemafroat  conditions  ware  not  con- 
sidered the  most  Inpcrtant  factor  in  the  choice  of  an  airairip 
loeMlen,  atdieugb  every  effort  was  made  to  choose  the  best 
soil  contttloaa.  Disregarding  alignment,  approach  angle  and 
grade  wars  the  orlHrIa  which  received  the  most  careful 
conaiileratlon  and  attentkm.  Praiclmity  and  aourix  o(  granular 
material  then  followed,  since  It  was  felt  that  with  enough 
naterlai  the  permafrost  problem  could  be  overoonm  relatively 
easily,  though  la  seaie  eases  rather  expeneivaly. 

TOWER  AND  ANTENNA  FOUNDATIONS 

At  the  time  of  the  site  surveys  ths  design  of  the  towers  and 
parabolic  antenna  had  not  been  decided;  therefore,  only 
descriptions  ol  tower  sites  and  soli  conditions  wore  needed. 
In  the  end  all  towers  were  ol  the  ball-joint  (single  plvoO  type 
so  that  slight  T.o'.cnonts  ol  the  foundations  and  thus  any  mls- 
allgnnient  of  the  dishes  could  be  and  were  corrected  by  adjust- 
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roent  to  the  dlshe*.  fteouU-ements  for  the  foundatinns  of  the 
tropospherlc  scatter  antenna  were  moce  severe . 

Tower  and  antenna  bases  were  put  on  bedrock  where  pot- 
(Ible.  Where  not  possible,  footings  that  varied  with  antenna 
heights  were  placed  on  concrete  blocks  with  two-thirds  of  the 
mass  bo  low  maximum  depth  of  the  active  layer.  This  approach 
seemed  satisfactory. 

WATER  SUPPLY  AND  SEWAGE 

About  S0%  of  the  stations  were  tn  limestone  country,  mostly 
glaciated.  Adequate  water  supply  was  a  definite  problem  here 
since  all  the  lakes  were  uniformly  shallow.  At  one  main  site 
the  lake  was  only  7  fi  deup  and  frozen  to  (he  bottom,  so  that 
In  the  first  two  years  water  tn  late  winter  had  to  be  procured 
by  thawing  Ice.  Later  this  lake  was  deepened  by  a  dam 
toward  the  outlet. 

Another  problem  In  these  limestone  areas  was  sewage  dis- 
posal. In  most  cases  the  lakes  and  lagoons  were  nearly  all  at 
the  same  elevation  and  were  assumed  to  bo  connected  by  joint- 
ing in  the  limestone  when  the  permafrost  thawed,  particularly 
at  the  end  of  the  summer  when  the  active  layer  had  reached  its 
greatest  thickness.  Every  effort  was  made,  therefore,  to  dis- 
charge sewage  into  the  sea.  In  the  end,  and  certainly  In  all 
cases  of  seacoasi  stations,  this  was  done.  Fortunately,  the 
inland  stations  were  all  on  Pre -Cambrian  rock,  and  here  lakes 
are  generally  In  bowls  or  rock  depressions  usually  separated 
by  a  clear  cut  divide.  Most  stations  were  also  at  a  consider- 
able elevation  and  always  on  a  spine  .  Thus,  separation  of 
sewage  from  water  supply  was  relatively  simple. 

SURVEY  MONUMENTS 

Survey  monuments  If  not  properly  emplaced  in  areas  of  deep 
soils  or  slits  could  easily  become  dlsloged  and  In  some  cases 
completely  lost  by  being  burled  in  the  soil  If  they  collapsed. 
Two  types  were  used:  One  type  was  a  cruciform  engraved  In 
very  largo  boulders  and  described  carefully  In  the  field  notes 
and  appendixes  to  site  criteria,'  the  other  type  was  simply  a 
sharpened  steel  rod  0.25  In.  by  S  ft  that  was  driven  into  the 
ground  to  its  full  length.  Instructions  were  given  to  the  con- 
tractor that  In  late  summer  another  7  or  8  ft  rod  was  to  be 
driven  in  the  same  spot.  These  rods  were  also  carefully  de- 
scribed, and  cairns  were  later  erected  over  the  rods;  the  best 
type  of  cairn  was  a  pentagonal  array  of  Ai  gal  drums  (two  high). 
So  far  as  Is  known  these  markers  or  monuments  were 
satisfactory. 

ACTUAL  SITE  SELECTION  IN  THE  FIELD 

As  mentioned,  sites  were  In  three  geological  provinces:  Deep 
silts,  limestones  overlaid  by  shattered  rock  and  thin  soils, 
and  Pre-Cambrian  rocks— mainly  glacial  scoured  and  usually 
bare.  Those  facts  were  known  in  the  site  planner's  office  at 
Churchill,  Manitoba,  and  permitted  some  preplanning.  Hero 
is  an  outline  of  survey  procedure  in  the  field. 

Initially  the  available  alrphotos  (mainly  obliques)  were 
studied  in  the  office .  Most  party  chiefs  and  memt>er3  were 
completely  unfamiliar  with  photolnterpretatlon'in  Arctic  and 
permafrost  areas  and.  therefore,  had  little  feet  for  what  they 
saw.  Intensive  briefings  were  given  as  to  what  to  avoid  where 
possible.  Instructions  were  also  given  to  disregard  any  perma- 
frost features  where  large  quantities  of  gravel  were  available. 
Party  chiefs  were  told  to  use  the  photos  purely  as  terrain 
guides  and  in  all  circumstances  to  follow  the  criteria  sheets. 

Once  on  the  ground  aftor  being  flown  into  the  site  area,  the 
party  set  up  camp  as  close  to  the  proposed  site  as  possible. 
This  was  not  easy,  since  the  highest  point  often  had  to  be 
chosen  from  the  air  before  landing:  sometimes  a  considerable 
effort  v/ent  Into  landing  and  finding  a  close  camp  site. 

Immediately  after  setting  up  housekeeping,  the  group  re- 
examined the  alrphotos  and  moved  off  to  the  highest  point. 
This  was  coniirmed  by  a  theodolite  horizon  check.  A  survey 
was  made  of  snow  conditions  to  determine  prevailing  wind; 
this  and  an  assessment  of  snow  drifts  set  the  alignment  of  the 


building  and  airstrip.  The  main  dimensions  of  the  building 
were  then  paced  out  and  Indicated  by  pegs.  The  geologist  or 
soils  engineer  with  the  driller  could  then  start  digging  in  the 
snow  to  examine  the  underlying  soils  or  rock.  This  preliminary 
exploratory  work  basically  decided  the  foundation  type.  Then 
a  quick  survey  was  made  for  horizon  angles  since  the  inter- 
vlslblllty  of  stations  for  microwave  communication  determined 
the  tower  height,  which  in  turn  determined  the  minimum 
distance  of  tho  runways  from  tho  station. 

At  this  stage  with  a  fairly  precise  idea  of  tower  heights,  it 
was  possible  to  examine  potential  airstrip  sites.  The  USAF 
criteria  for  airstrips  can  be  simplified  by  Initially  looking  at 
five  items:  (a)  Approach  angles,  (b)  distance  from  proposed 
towers,  (c)  alignment  to  prevailing  wind  (the  spring  snowdrifts), 
(d)  grades,  and  (c)  sources  and  proximity  of  fill  (must  be 
granular).  Once  these  were  satisfied  all  olso  followed.  Only 
cursory  attention  was  paid  Initially  to  soil  conditions. 

When  a  suitable  airstrip  site  was  found.  It  was,  as  In  the 
case  of  the  buildings,  paced  and  crudely  staked,  and  the 
soils  crew  was  put  to  work. 

The  main  party  then  returned  to  the  site  and  roughed  In 
other  facilities  such  as  garages,  tanks,  and  tower  sites.  The 
•oil  crew  followed  and  examined  each  site.  Finally,  a  water 
supply  was  chosen;  after  this  a  seworllno  could  then  be 
crudely  aligned. 

After  sites  were  selected  the  actual  survey  t>egan  and  the 
^instruction  was  properly  staked.  With  this  done  and  the  soil 
surveys  complete,  foundation  criteria  could  then  be  suggested 
and  were  added  as  appendixes  to  (ho  site  criteria  sheet*. 

EXAMPLES  OF  SHES 

It  Is  worthwhile  now  to  look  at  some  actual  examples.  The  alr- 
photos used  as  Illustrations  were  taken  alter  the  stations 
were  built  and  arc  representative  of  the  three  types  of  condi- 
tions mentioned  earlier. 

Fig.  I  shows  a  station  In  the  western  Arctic,  west  of  the 
Mackenzie  River  and  close  to  a  place  called  "Shingle  Point." 
This  Implies  that  there  was  plenty  of  boach  material  available. 
The  site  was  on  deep,  silty,  glacial  materials  utKlerlald  by 
permafrost,  with  no  rock  outcrops.  Pile  foundations  were  used 
for  the  building.  The  airstrip  is  gravel  or  beach  material  laid 
on  the  undisturbed  surface.  Note  that  there  are  very  few 
vehicle  tracks  off  the  road  or  airstrip.  This  is  an  indication  of 
the  extremely  difficult  summer  soil  conditions:  Note  the  poly- 
gons and  general  tack  o(  surface  drainage. 

Far  to  the  east  of  tha  above  site,  in  Melville  Peninsula  and 


Fig.  1 .  Station  on  western  Arctic  coastal  plain  near  Shingle 
Point.  Note  characteristic  permafrost  morphology  for  this  area 
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on  Pre-Camlvtan  rocks  Is  another  small  station  (Fig.  2).  The 
station  is  sited  on  bare  rock,  but  here  a  gravel  pad  was  used. 
Unfortunately,  the  airstrip  had  to  be  located  on  a  side  slope 
of  glacial  tills  with  strong  downslope  soli  striping  or  sollfluc- 
tlon.  The  problem  was  to  cut  the  side  slope  (Into  the  perma- 
frost) and  to  backfill  with  sufficient  gravel  for  adequate 
lateral  drainage  so  as  to  prevent  the  uphill  side  of  the  airsirlp 
from  flowing  over  the  strip. 

Since  the  strip  was  limited  to  small  planes,  the  problem 
was  solvable.  However,  had  larger  aircraft  been  used,  another 
location  would  have  been  necessary. 


Fig.  2.  Station  In  Melville  Peninsula.  Note  development  of 
airstrip  on  slope .  Soil  (low  is  Indicated  by  striping 


Fig.  3.  Site  In  Melville  Peninsula.  Note  airstrip  in  background 
on  end  moraine  which  has  blocked  the  valley 


Fig.  4.  Airstrip  of  station  In  Fig.  3.  Note  material  pulled  in 
from  moraine.  Rood  follows  bare  rock  surface 


r-.g.        Station  site  In  Foxe  Basin.  Note  alignment  of  the 
longitudinal  axis  of  buildings  to  the  prevailing  wind  so  as  to 
prevent  drifting  between  buildings 


In  Fig.  2  one  can  see  also  the  sewerllne  leading  over  the 
divide  separating  it  from  the  water  supply. 

At  another  site  (Fig.  3)  the  station  Is  again  located  on  bare 
rock  and  Is  on  a  mountain  top  several  miles  from  the  coast. 
Here  a  gravel  pad  rather  than  rock  bolts  was  advised. 
Unfortunately,  the  contractor  did  not  pay  sufficient  attention 
to  the  quality  of  his  gravel,  accepting  loo  many  fines.  This 
Is  the  only  station  where  heaving  occurred  on  the  pad,  distort- 
ing the  buildings.  The  airstrip  is  on  the  seacoast.  No  perma- 
frost problems  were  foreseen  at  the  airstrip  site  and  none  wore 
encountered  since  the  airstrip  was  placed  chiefly  on  a  well 
sorted  end  moraine,  and  most  of  the  moralnlc  material  was 
drawn  Into  the  airstrip. 

One  of  the  larger  stations  (Fig.  4)  was  built  on  the  eastern 
seacoast  of  Foxe  Basin.  Here  the  highest  point  was  on  an  old 
gravel  beach  at  an  elevation  of  2S  ft.  Site  selection  was 
simple,  the  main  problem  being  to  align  the  airstrip  and  place 
it  as  near  as  possible  to  the  building  (Fig.  5) .  This  was  done 
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In  the  following  mannor.  In  this  area  along  the  coast  aro  many 
cuirent  spits  and  raised  beaches,  and  apparently  the  current 
pattern  in  the  Toxe  Basin  has  not  changed  much  tn  time.  About 
SOOU  (t  north  o(  the  station  an  old  (relict)  current  spit  (some 
16  It  high,  SOO  h  long,  and  ISO  (t  wide)  extended  away  from 
the  sea  but  Into  the  prevailing  wind  and  Inland  Into  an  old 
lagoon.  On  the  far  side  of  this  lagoon  lay  another  relict  beach. 
The  unfrozen  gravels  of  the  spit  were  simply  pulled  by  scrapers 
Into  the  old  lagoon  and  toward  the  lar  beach;  no  attention  was 
paid  to  permafrost  conditions.  The  ledge  was  probably  only 
S  or  6  ft  beneath  the  surface,  and  when  a  reasonable  thickness 
of  gravel  was  laid  to  the  other  beach,  the  scrapers  worked 
material  from  this  beach  onto  the  strip.  At  the  center  the  fill 
reached  a  thickness  of  7  ft  overlaying  some  2  to  4  ft  of  Ice. 
So  far  as  Is  known  this  ice  still  underlays  the  strip.  The 
choice  of  location  so  facilitated  construction  that  the  strip  ac- 


Fig.  6.  Station  site  as  In  Tig, 
here  discharges  seaward 


i,  NoM  watorllne  .  Sewerllne 


Fig.  7.  Station  In  Foxe  Basin.    Note  how  layout  of  buildings, 
airstrip,  and  roads  has  been  incorporated  into  the  raised 
beaches,   Level  area  to  right  of  airstrip  is  entirely  underlain 
by  p«at 


Fig.  8.  Coastal  station  in  Baffin  Island.  The  cliffs  here  are 
1    about  1200  ft  high 


it 


Fig.  9.  Airstrip  of  station  in  Fig.  B 


oepted  aircraft  (up  to  a  DC  3)  three  weeks  after  the  start  of 
work.  Fig.  6  shows  the  dam  which  later  deepened  the  water 
supply  lake.  At  the  time  of  survey  It  was  frozen  (7  fO  and  no 
other  suitable  source  of  potable  water  near  the  station  was 
found . 

On  an  Island  farther  east,  possibly  the  worst  permafrost 
and  site  conditions  were  encountered  west  of  Liverpool  Bay. 
Hero,  luckily,  the  highest  point  (20  ft)  was  right  next  to  a 
suitable,  though  again  shallow,  water  supply  and  was  actually 
a  peak  of  an  old  beach  (Fig.  7) .  This  beach  was  connected 
rather  alnously  with  an  esker,  which  In  turn  has  been  incor- 
porated into  another  raised  beach.  Fortunately,  the  esker  was 
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•iBOvt  sUgiMd  into  the  prevailing  wind.  While  the  eiker  twaa 
too  wladlng  lo  ba  ued  at  the  Actual  atrip  aUgnraent.lt  oould  b* 
«nd  WM  uwd  «>  a  aaaiby  miree  of  granuiar  material ,  nalclng 
•Irttrip  ooasmtotloB  vary  eaay.  On  thit  iiland  tlwra  was  Uttte 
draiimfl*.  Ilw  alralrlp  was  underlaid  by  4  ft    paat  (Cat*  - 
^ati  lA,  RadfiMh).  imbably  Induced  In  tha  paat  by  the  axtn- 
ordinacy  dralnaga  oondltlons.  All  roada  ware  aiao  buUt  on 
ntaadbaachaa.  Tha  irartleal  photear«ph  itaowa  how  roada, 
•InttlPt  and  buUdlnga  ai«  raluad  lo  lha  •■kar  and  raliad 
bMdwa. 

Finally  tha  aoat  aasMrly  outlon  la  on     Baffin  Bay  ooaat 
(  rtg.  8).  Hnra,  panbad  on  a  high  elltf  and  aubjected  to  Mgb 
whidat  lha  gnwal-pod  taehnlqiia  waa  avaln  uaad,  but  fba 
bttlMlaga  wan  alae  faolM  lo  tha  rook.  Only  to  a  law  ctatlona 
north  of  thia,  In  thoaa  pardMd  on  the  hl«h  elllfs,  warn  tha 
rock -bolt  fowidattena  uaed. 

lha  airatnp  to  FIgi  B  poaad  a  pioHoa  and  had  to  be  awvad 
thna  tuaaa  for  Bataorelogloal  raaaona,  finally  balng  altad 
ovar  oight  aiUaa  away  froa  tha  atatlon  •  Tha  location  ftoally 
ehoaen  waa  a  fairly  flat  plain  undarlatd  by  tlU,  fairly  wall 
*alnnd  with  llttia  or  no  aoU  aMpplng.  Ko  problana  warn  «n- 
oountorad  in  boUdlng  thia  atrip,  alnea  granular  naiarlal  waa 
available. 

COMGUJfllOMS 

tha  DEW  Una  waa  built  In  haata  and  widi  great  uiyency:  there- 
fore, it  wee  conaidered  by  tho  eontnetora  and  anginaera  ac- 
ceptable to  uke  rlaks .  With  HiU  bi  mind  poaalbie  peraia&aat 
problema  baeaaw  rather  secondary  considerations,  the  primary 
consideration  being  location  of  iHiildings  and,  in  particular, 
towers  with  regard  to  the  ov«r-all  requirements  of  tha  Una, 
and  the  alignment  and  approaches  to  airstrips. 

Study  of  alTphotos  showed  whore  bad  pannafrost  conditions 
might  l>e  expected  and  avoided;  but  generally  the  Instructions 
wore  to  disrog.ird  s conditions,  accepting  the  principle  that 
If  problems  did  jri3<-  they  could  be  rectified  after  the  Line  was 
In  operation.  The  facts  support  this  pr  :i.e:lure,  for  so  far  aa 
Is  known  only  one  station  experienced  di>nuige  from  frost 
ocilor.  (rot  ix'r.T.rtftoa:) ,  and  while  ~n  cnc  or  two  airstrtpS  aone 
slump  iotcr  occ-urrfMl ,  this  was  quickly  t-crr*cted. 

Sf'Cciol  pruciutlons  vn'tf.  tar;t;n  in  dea'.qranij  tower  foundj- 
tlori3  to  prevent  rr.laallgnnHjn", ,  and  riyriin,  so  far  as  is  knowr. , 
i.o  problc-ins  followed. 

The  sltlr.g  u£  these  stations  could,  ihcrefoitj,  £>»-•  ufllled  h 
purely  pragmatic  approach  to  ferrr.jirost .  It  was  there,  it  hfid 
tn  iji!  df.iit  with,  and  it  was  deslt  with  in  the  classic  manner— 
by  uslncj  thick  gravel  pads  or  piles.  One  thing  is  certain: 
Permafrost  did  not  slow  up  site  surveys  or  construction. 

It  must  be  realized,  however,  that,  in  all  cases,  building 
trains  were  light;  snd  for  the  remaining  facilities,  there  were 
very  few  unitLi  that  witi-  heated  ot  had  foundation  problOBIB 
that  could  not  be  rectified  by  rtddlriQ  n:\.-:f.  giavel. 

The  DEW  Line  is  quite  a  rerr.irk.ible  -{litle-:  ;:;  installations. 
Each  visitor  la  surprised  that  site  exploration  was  [.os-iibie  ui 
Uu-  l^te  whiter  a.id  sprlr.g. 

Published  with  permission  o(  the  Chairman,  Defense 
Raaaanh  Board. 


ArPENOQC:  SITE  CMTERIA  BOOK 

Anawar  all  qiuaatlona  in  aa  nucb  detail  aa  poaalbie.  Explain 
why  quaatlona  an  not  anawarad. 

T^aln  Bite 

tnan  alM  and  typa  (atata) .  Obaarved  direction  spring  winds . 
BulMlaga  are  allgnad  to  thta  wind  dtiaction.  If  answer  to 
abowo  la  no,  giva  raaaon.  la  atla  wall  dralnad.  Ttopograpby  of 


Iratai  alta;  glva  alavation.  Foundation  and  ioll  eoodttlons  at 
Mtai  alta .  Appfoxlmaia  quantity  of  granular  aatarlal  ra<|iiirad 
for  pad. 

Water  guoolir 

Show  on  nap  prinary  aouroa.  ThlekiMsa  of  loa;  dapth  of  laka. 
Watar  taataa  fraab.  Banpla  waa  tahan.  Slavatloa  of  water  aur- 
faoa .  Show  on  nap  aacoiidanf  aouroa.  Ibleknaaa  of  lea!  dapth 
of  laka.  Watar  taataa  fraah.  Sample  waa  Mk«n.  Elavatlon  of 
watar  aurfboa. 

Bawaoa  manoaal 

liquid  punpad:  aoUda  pMBpod.  If  punpad  will  nuartal  draUi 
away.  Can  It  oontamlnate  the  canp  vtatar  aupply.  Can  It  cen- 
taatatata  Mia  water  aupply  for  othara.  Show  on  nap  aoggaatad 
aunp  area. 

QllBtnraoa 

Nunbar  and  typa  of  tanka.  Doairad  location.  Daslrad  dlatanoa 

lK»  building.  Elevation  tank  aita.  Contaninailon  (ran  burnt 
tank.  Topography  of  tank  alto.  FoundaUon  and  aoll  oondltlona 
at  tank  alta. 

Garages 

Number.  Doors  face  deairabia  nortlierly.  Topography  oi  apron 
site.  Approximate  quantity  of  granular  material laqulrad  for 
pad.  Touttdatlon  oondiciooa  at  garage  alta. 

HOriaon  Wrof  ila 
Astanitb.  Sanwrka. 

Towera 

Location  of  tower.  Tower  height.  Ground  elevation  at  base  of 

tower.  Great  circle  azimuth  to  next  station.  AntennM  Oriented 
on  great  circle  azimuth.  Required  distance  from  train.  Founda- 
tinn  c  nditi-na  rit  lowfir  Site.  Foundatiot^s  for  anchorages. 
Describe  topography  at  tower  site.  Repeat  above  for  antenna 
alta. 

Roads 

Give  a  qeneial  deaorlptlon  of  road  liyojt  and  topocjraphy. 
Show  on  m.i)i  l;:i-ati:;ii  at  :;K  ,ind  ciit5.  Approxlrr.ate  quantity 
of  material  required.  Can  this  material  be  obtained  along 
all^naiant.  Culvarta  ra^guirad. 

Airstrip  (USAF  Criteria.  /vFCIE-P.  March  1955) 
Orientation  desired .  Length  te-juired:  overrun  required.  Lon- 
gitudinal grade  ■    Width.   r.xtcnLUon  iios.-.l ble  not  possible. 
Topography  of  airstrip  site.  Culverts  under  airstrip  required. 
Glide  anijle.  Approximate  quantity  of  gnnular  Balartal fO- 
quired.  Wind  direction  observed. 

Aprnr.  (USAr  CrlterLi  .  AFCIt-F.  Mar::li  liSb) 

Size.  Availability,  yes  or  no.   Topoyraphy  apro:i  sita. 

Approximate  quantity  of  granular  matenal  required. 

Harwer 

Type.  Doors  face  northerly;  if  not  atate  reason.  Granular  fill 
required  for  allgnmant  with  runway  and  pad.  and  (or  hangar 
floor.  Tbpography  of  alta.  Foundation  and  aoll  eondltleiw  at 

site. 

Tield  Drawings 

Has  site  plan  been  completed,  deto.  Haa  airstrip  plan  been 
completed;  date.  Has  site  area  plan  bean  is^pnplotod;  data. 
Have  site  notebook  and  site  plans  been  fonranlad  to  baaa 
office:  State  nunbar  of  itarna  and  by  what  naana;  atato  plane 
no .  or  pilot.  Data.  Data  alta  autvay  eonduotod:  Pbrtsf;  parQr 
chief. 
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CORE  DRILLING  IN  FROZEN  SOILS 


M.  lUUL  HVORSLEV  and  T.  B.  GnODE,  U.  8.  Amy  Engineer  WaMrmys  Bx^lBent 
Station,  Vlckaburg,  Missis^iippi 


Qraater  diff icuUlM  am  •naaammd  diirla«  oon  drilling  in 
frocen  soils  than  in  frosen  rocks,  and  the  fonuBr  iwa  been 

under  active  development  only  In  the  last  decade.  Satisfactory 
cores  o<  frosen  soils  have  been  obtained  under  favorable  soU 
or  temperature  eondtiiont «  bod),  but  it  u  not  yet  poiaible  to 
fomulate  definite  and  detailed  recommendations  for  core  drill- 
ing In  frozen  iolli  under  all  conditions  .  The  objectives  of  this 
paper  are  to  suggest  possible  ptoc<-dures  And  to  call  attention 
to  general  rci;ij  irf.'T(i.'r.",  s  ind  ni'rrjrr)  ro-.f/orrh  .  The  princtpoi 
basis  for  These  surjqe  5  tlon  s  15  c  :tc  irilUri'i  "jp^-rjtions  In 
frozen  gl&r:..-.:  ilepniits  a:  T'JTC'  (Thul-  Tal-.e-Cifl  ivvjr  Thule, 
Greenland,  dui  u.q  liio  and  I'Ji?  by  Uie  U.  S.  Army  Engineer 
WdtffWdy*  Experiment  Station,  v,hi'  li         Inscribed  by  the 
authors  m  reports  of  limited  dlsiribu!l.i:i .  AtitJlti;>nal  data  were 
obtained  from  the  various  papers  and  reports  shown  In  the  list 
of  references  and  from  visits  to  and  discussions  of  core- 
drilling  operdtions  by  the  V  .  S.  Army  CRRBL.  Drilling  in 
frozen  rock  Is  not  discussed. 

FROZEN  SOILS 

The  soils  In  .irt-iic  .ir.d  .inlarcijc  regions  are  primarily  silts, 
sands,  gr.ivels,  glacial  tlUs,  and  organic  materials.  Some 
prop<Ttlcs  fit  the;;<'  frozen  soils  arc  very  Impcrt.^n!  for  core 
drilling. 

The  short-term  strength  of  fr'-'scn  soils  >ind  .idhe-jivn 
between  embedded  stones  inj  the  fr:zer,  n.jlrlx.  increoseo  with 
decreasing  temperature  {Tin.  1).  Therefore,  low  temferjturcs 
facilitate  core  drlllir.q  aud  vie*  versa. 

The  freezing  point  is  depressed  for  water  near  the  particles 
and  In  capillaries  of  line-graincd  soils.  Some  of  the  water  In 
these  soils  remau-.s  unfroxfn  fi!  ;e.-njjeiatures  appreciably 
below  o'^C  (rig.  i)  .  Ur.Irr  /-en  v,.i:.;r  derreases  strength  and 
facilitates  straight  drilling  and  drive  sampling,  but  tends  to 
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increase  breaking  and  thawing  of  the  soli  during  cor«  drilling . 

Space  between  grains  in  some  trosen  soils  is  completely 
filled  with  toe.  and  the  imperviousness  of  these  soils  facili- 
tates core  drilling.  However,  voids  in  other  Irozen  soils  are 
only  partially  filled  with  ice,  and  the  pervlousness  o(  suA 
soils  may  cause  loss  of  drilling  fluid  and  contamination  of  Um 
core*  by  the  fluid.  A  low  degree  of  saturation  with  ice  de- 
creases the  strength  of  Irozen  soli  and  also  the  amount  of  heat 
required  to  thaw  ti:  tnus  difftculllaa  In obwlalng  a«tlalBCtorv 

soil  cores  are  increjsed. 

Dei'p  within  at  ii  reqlor:5,  soils  iirc  h.ird  ond  ;tTtT..inently 
frozen  to  great  depths,  sr.d  only  the  upper  Hi  to  30  arc 
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Fig,  1 .  Strength-iamperature  relaUons  for  frosen  aolls 


rig.  3.  Soli  tenperaturea  In  bore  holes  %  and  6  at  Tuto 
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9ub|ect  to  appreciable  seasonal  temperature  changes  (Fig.  3). 
B«low  the  depth  of  seasonal  temperature  changes,  soils  In  sub- 
arctic regions  may  have  temperatures  only  slightly  below  0°C. 
Frozen  zones  may  bo  discontinuous  In  lateral  oxtent  and  also 
intorbcdded  by  strata  of  unfrozen  soil.  All  these  factors 
Increase  the  difficulties  of  foundation  exploration. 

OBJECTIVES  AND  METHODS  OF  EXPLORATION 

The  primary  objcctivos  of  foundation  oxplorations  In  arctic 
and  subarctic  regions  are  to  obtain  data  on:  (a)  Boundaries  of 
th<3W-d  and  frozen  zones  within  depths  which  may  influence 
construction  activities  and  behavior  of  erected  structures, 
(b)  amount  and  mode  of  occurrence  of  ice  in  various  soil 
strata,  and  (c)  composition  and  properties  of  soils  In  these 
strata . 

The  boundaries  between  thawed  and  frozen  zones  can  some- 
times be  delorminod  by  penetration  tests,  but  the  results  of 
such  tests  are  not  reliable  In  dense  deposits.  Penetration 
resistance  of  frozen  loose  soils  may  equal  that  of  unfrozen 
dense  soils.  Principal  constituents  of  the  soils  are  determined 
by  cuttings  from  auger,  percussion,  and  rotary  drilling;  how- 
ever, the  cuttings  do  not  yield  reliable  data  on  the  amount  of 
ice  In  the  soli.  Representative  samples  of  lightly  frozen  and 
fairly  fine-grainod  soils  can  be  obtained  by  drive  sampling, 
but  this  method  cannot  be  used  effectively  in  frozen  gravel 
and  glacial  till.  Complete  Information  on  foundation  condi- 
tions can  be  obtained  in  lest  pits,  which  may  b«  used  to 
advantage  for  shallow  explorations  and  when  core-drilling 
equipment  is  not  readily  available;  but  excavation  of  deep  pits 
In  frozen  soils  is  expensive,  even  when  explosives  are  used. 
Core  drilling  is  undoubtedly  the  most  efficient  and  satisfactory 
method  for  adequate  exploration  of  frozen  coarse-grained  colls, 
and  It  can  be  used  in  all  frozen  soils  and  ice. 

PRINCIPAL  EQUIPMENT  FOR  CORE  DRILUNG 

Drilling  Rigs 

Core  drilling  described  In  this  paper  was  performed  with  a 
Franks  Model  FA- 11 ,  truck  mounted  rotary  drilling  rig,  which 
has  a  27  ft  roast,  "N"  size  drill  rods,  hydraulic  feed,  and  a 
slush  pump  capacity  of  100  gal/mln.  This  drilling  rig  was  fully 
satisfactory.  Its  power  was  needed  for  occasional  rough  drill- 
ing In  unfrozen  and  coarse  glacial  till.  However,  lighter  port- 
able equipment  can  undoubtedly  be  used  to  advantage  in  less 
accessible  regions  and  wherever  special  difficulties  arc  un- 
likely to  occur.  The  drilling  rig  should  be  able  to  operate  a 
standard  {A  by  5-1/2  in.)  double-tube  core  barrel  to  the  depths 
desired,  and  should  have  hydraulic  or  hand  control  rather  than 
screw  feed.  Preferably,  the  slush  pump  should  operate 
Independently  of  the  rotational  speed  of  the  drill  head. 

Casing 

Casing  is  not  usually  required  in  hard  frozen  soils.  Only  o 
short  length  of  6  in.  casing  was  used  In  Greenland  for 
stabilizing  the  t>oreholc  through  the  unfrozen  surface  strata. 
Casing  may  bv  needed  In  subarctic  regions  for  penetrating 
lightly  frozen  strata  of  limited  thickness  and  exploring  under- 


Flg.  4.  Drilling  bits:  (A)  Tricone  rock  bit;  (B)  Hawthorne  bit 


lying  unfrozen  soils.  Drilling  mud  with  a  temperature  obow 
O^C  does  not  prevent  gradual  sloughing  and  caving  of 
boreholes  in  fully  saturated  frozen  soils. 

Drilling  Bits 

Tricone  rock  bits  (Fig.  4A)  were  used  in  Greenland  for  drill- 
ing through  the  unfrozen  glacial  till  and  for  remaining  bore- 
holes in  frozen  soils,  whereas  Hawthorne  bits  (Fig.  4B)  were 
used  in  silts,  clays,  and  Ice.  Holes  may  be  drilled  with  other 
types  of  bladcd  bits,  chopping  bits,  and  augers,  but  detailed 
data  on  the  efficiency  of  available  bits  and  augers  in  various 
types  of  frozen  soils  are  not  available  to  the  authors. 

Core  Barrels 

Soils  artificially  frozen  at  very  low  temperatures,  below 
-25°  C,  have  a  strength  comparable  to  that  of  nonflssured 
soft  rock,  and  cores  can  bo  obtained  with  various  types  of 
core  barrels,  including  single-tube  barrels,  provided  low 
temperatures  are  maintained  throughout  the  operations. 
However,  double-tube,  swivel-head  core  barrels  of  the  "M" 
type  with  bottom  discharge  bits  arc  preferable  or  necessary  for 
successful  core  drilling  in  frozen  soils  with  temperatures 
normally  encountered  In  the  field.  The  core  barrel  should  not 
be  smaller  than  the  2-1/8  by  3  in.  size  (designated  NXM  by 
manufacturers)  which  usually  yields  satisfactory  cores  of 
frozen,  fine-grained  soils  but  often  broken  and  Incomplete 
cores  of  lightly  frozen,  coarse-grained  soils.  Better  cores  and 
consistently  higher  coro  recovery  ore  generally  obtained  with 
standard  2-3/4  by  3-7/8  In.  or  with  4  by  5-1/2  In.  dcuble-tube 
coro  barrels,  especially  In  lightly  frozen  soils  or  In  cases 
where  soil  strength  is  reduced  by  Incomplete  saturation  with 
ice.  Torsional  strength  of  a  core  Increases  linearly  with  the 
third  power  of  Its  diameter. 

A  standard  (4  by  5-1/2  In.)  double-tube  core  barr«l  was 
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Fig.  S.  Standard  double  tube  core  barrel 
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Fig.  6.  Sieel  coring  bit  for  loe 


Fig.  7.  Bottom  discharge  diamond  coring  bits:  (A)  Run  67  ft,  worn  bit:  (Et  Run  3S  ft. 
damaged  bit:  and  (O  Run  86  ft.  good  condition 


used  In  most  of  the  core  drilling  In  Greenland.  It  (Fig.  5)  has 
a  sludge  barrel  or  calyx  which  reduces  the  velocity  of  drilling 
fluid  required  to  remove  the  coarser  cuttings.  Trial  runs  were 
made  with  an  NXM  core  barrel,  which  yielded  fairly  good  but 
broken  cores;  however,  narrow  water  passages  In  this  barrel 
were  easily  clogged  by  loo.  Spin- ring  core  lifters  functioned 
satisfactorily  In  hard  frozen  soils,  whereas  basket-type  core 
lifters  were  required  In  lightly  frozen  soils  and  when  the 
temperature  o(  the  drilling  fluid  was  high  enough  to  cause 
some  surface  thawing  of  the  cores. 

Coring  Bits 

Steel  coring  bits  with  bottom  discharge  and  teeth  of  various 
designs  may  be  used  In  Ice  and  compacted  snow.  For  core 
drilling  In  ice,  the  bit  shown  In  Fig,  6  was  the  best  of  various 
types,  designed  and  manufactured  by  Goorgc  E.  Falling  Co. 
in  cooperation  with  SIPRE,  r>ow  U.S.  Army  CRREL.  This  bit  has 
lor>g  teeth  with  discharge  opening  at  midhclght  on  the  back  of 
the  teeth,  which  reduces  the  tendency  of  ice  cuttings  to  clog. 

Bottom  discharge  coring  bits  with  tungsten  carbide  Inserts 
may  be  used  eflecttvely  In  frozen,  fine-  and  medium-grained, 
but  not  gravelly  soils.  Bits  with  various  shapes  and  arrange- 
ments of  the  inserts  may  yield  satisfactory  results,  but  the 
optimum  design  for  frozen  soils  has  not  yet  been  determined. 

Coring  bits  with  large,  protruding,  tungsten  carbide 
inserts  may  cause  stones  in  gravelly  soils  or  coarse  till  to  be 
torn  out  of  the  frozen  matrix  and  roll  under  the  bit,  thereby 
breaking  up  the  core.  In  such  soils  it  is  usually  necessary  to 
use  diamond  coring  bits.  Examples  of  such  bits  after  use  in 
the  (4  by5-l/2  in.)  core  barrel  are  shown  in  Fig.  7.  These 
bits  had  a  matrix  impregnated  with  diamond  chips  in  addition 
to  surface-set  diamonds.  One  of  the  bits  shown  in  Fig.  7  was 
damaged  and  another  was  badly  worn  after  relatively  short 
runs,  probably  because  diamonds  ware  torn  out  of  the  matrix  and 
rolled  under  the  bit,  and  possibly  the  matrix  was  loo  soft  for 
the  conditions  encountered.  When  the  frozen  soil  contains 
very  hard  and  abrasive  stones.  It  may  bo  well  to  use  diamond- 
impregnated  coring  bits  without  surface -set  diamonds,  at 
least  not  in  the  bottom  face  of  the  bit,  but  such  bits  would  not 
be  efficient  for  core  drilling  in  frozen  fine-grained  soils  or  in 
ice. 

Standard  diamond  reaming  shells  in  core  barrels  were  used 
In  connection  with  the  above  mentioned  diamond  coring  bits . 

DRILUNG  FLUIDS  AND  SLUSH  PITS 

Compressed  Air 

This  medium  is  used  successfully  for  removal  of  cuttings  in 
boreholes  through  unfrozen  and  fairly  dry  surface  soils  and 
also  for  core  drilling  in  compact  snow  on  the  Groenl'nd  Ice 
Cap.  However,  effective  use  of  compressed  air  for  routine 
core  drilling  in  fairly  well- saturated ,  frozen  soils  Is  question- 


able because  of  the  greater  unit  weight  and  tendency  of 
cuttings  CO  ball,  greater  heat  developed  during  drilling  com- 
pared with  snow,  and  costs  and  difficulty  of  adequate  cooling 
of  large  quantities  of  air  when  the  ambient  air  temperatures  are 
relatively  high . 

Fresh  Water 

Thla  medium  is  used  with  temperatures  at  or  slightly  above 
O'C  (or  core  drilling  in  ice  and  frozen  fine-grained  soils,  but 
cores  of  frozen  coarse-grained  soils,  obtained  with  fresh 
water  as  drilling  fluid,  are  often  broken  and  partially  thawed, 
and  the  recovery  ratio  depends  on  the  amount  of  ice  and  the 
temperature  of  the  soil.  Furthermore,  water  tends  to  freeze  at 
contact  with  walls  of  holes  in  very  cold  soils,  especially 
during  interruptions  of  drilling  operations. 

Brine 

Fully  satisfactory  results  of  core  drilling  in  frozen  soils  are 
possible  only  when  the  temperature  of  drilling  fluid  is  below 
0°C.  During  the  1956  core-drilhng  operations  In  Greenland, 
2  to  4%  of  sodium  chloride  by  weight  and  snow  or  Ice  were 
added  to  circulating  water.  Sodium  chloride  was  preferred  to 
calcium  chloride  because  It  was  readily  available  and  absorbs 
heat  when  dissolved,  whereas  calcium  chloride  produces  heat 
during  solution  and  is  more  corrosive  than  common  salt. 
Excess  amounts  of  snow  or  Ice  were  maintained  in  the  slush 
pit,  and  the  temperatures  attained  (-1°  to  -Z'C)  wore  close  to 
the  freezing  point  of  the  weak  brine  (Fig.  8),  which  reduces 
possible  melting  of  ice  In  cores  by  brine.  The  rate  of  melting 
of  ice  by  brine  of  various  salinities  and  at  various  tempera- 
tures of  brine  and  Ice  should  be  explored.  Good  cores  were 
obtained  in  hard  frozen  soils,  but  some  thawing  and  loss  of 
cores  occurred  in  the  upper  lightly  frozen  and  partially  satura- 
ted strata.  Weak  brine  tended  to  freeze  when  in  oontact  with 
the  walls  of  holes  in  hard  frozen  soils;  it  was  necessary  to 
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empty  the  boreholes  of  brln«  during  protracted  Iniemipilons  of 
drilling  operations.  Much  greater  concentrations  of  salt  would 
be  required  to  prevent  freezing  of  nonclrculatlng  brlno  at  the 
soil  temperatures  encountered  (rigs.  3  and  8) . 

Fuel  Oil 

Some  of  the  above  mentioned  difficulties  were  avoided  In  19S7 
by  using  Arctic  Grade  Fuel  Oil  DF-A  as  drilling  fluid.  This 
fuel  oil  was  readily  available  and  had  a  cloud  point  of 
-4S.S°C.  Other  grades  of  fuel  oil  may  be  used  provided  the 
oil  Is  dewaxed.  Fuel  oil  was  cooled  by  adding  sodium  chloride 
and  snow  or  Ice.  Temperatures  between  -4°  and  -6"C  wore 
occasionally  attained.  Cores  and  recovery  ratios  were  then 
consistently  better  than  those  obtained  with  fluid  temperatures 
of  -1°  to  -2°C.  However,  adding  salt  and  Ice  produces  a  brine 
of  relatively  high  salinity  which  Is  dispersed  In  the  fuel  oil 
and  may  cause  molting  of  ice  In  the  soil  and  cores.  The  rate 
of  melting  of  Ico  by  fuel  oll-brlne  mixtures  Is  not  known  and 
should  bo  Investigated.  This  problem  can  be  circumvented  by 
cooling  with  dry  lc«  or  by  the  Indirect  procedures  discussed 
later. 

Drilling  Mud 

As  previously  mentioned,  drilling  mud  Is  not  usually  required 
for  stability  of  boreholes  in  frozen  soils,  but  brine  or  fuel  oil 
may  seep  Into  partially  saturated  and  pervious  frozen  soils, 
contaminating  the  cores,  unless  brlno  or  oil  is  converted  Into 
drilling  mud  by  suitable  additives.  A  drilling  mud  formed  of 
water  and  Aquagol  may  be  used  for  starting  a  hole  and  for 
sealing  the  surface  casing.  Further  addition  ul  Zeogol  and 
sodium  chloride  and  cooling  by  Ice  or  snow  produces  a  drilling 
mud  usable  (or  core  drilling  in  pervious  frozen  soils.  How- 
ever, the  mud  temperature  must  approximate  the  freezing  point 
of  the  brine  to  prevent  thawing  of  frozen  cores.  This  require- 
ment applies  also  to  the  usual  oil-base  drilling  muds  which 
contain  water  and  antlfreezlng  additives.  Further  Inquiries  and 
Investigations  are  needed  concerning  drilling  muds  suitable 
for  core  drilling  in  pervious  frozen  soils  and  In  incerbedded 
Irozon  and  thawed  strata  In  subarctic  regions. 

Slush  Pits 

A  slush  pit  excavated  In  coarse-grained  soils  is  usually  not 
satisfactory  for  core  drilling  with  special  and  cooled  drilling 
fluids.  A  Falling  portable  sheet-metal  slush  pit  of  150-gal 
capacity  was  used  In  1956  but  was  found  inadequate  for  both 
settling  of  the  cuttings  and  cooling  the  drilling  fluid.  A  sheet 
metal  slush  pit  of  270  gal  capacity  (Fig.  9)  was  built  and  used 
In  19S7.  The  surface  casing  f  asses  through  the  sleeve  at  the 


head  of  the  pit.  Removable  screens  are  jwovlded  In  front  of  the 
overfall  opening  in  the  middle  baffle  wall  and  also  over  one- 
half  of  the  roar  compartment.  OrilUng  in  Ice  produces  largo 
amounts  of  ice  chips,  and  their  removal  Is  facilitated  by  an 
additional  sloping  screen  in  the  middle  compartment.  The 
walls  of  the  sheet-metal  pit  wore  insulated  by  backfilling  with 
soil  or  snow,  and  an  Improvised  awning  shaded  the  entire 
slush  pit  against  direct  rays  from  the  sun. 

Cooling  of  the  Fluid 

Salt  and  snow  were  added  to  the  fluid  In  the  front  compartment, 
and  the  mixture  was  stirred  at  short  time  intervals.  Ice  may 
also  bo  added  in  the  central  compartment.  When  available, 
snow  was  a  convenient  cooling  medium,  but  despite  screens 
It  was  often  difficult  to  prevent  snow  crystals  from  entering 
the  circulating  system  and  clogging  tho  core  barrel.  These 
difficulties  can  be  eliminated  or  reduced  by  Indirect  cooling 
of  tho  drilling  fluid,  which  also  will  prevent  fuel  oil,  used  as 
drilling  fluid,  from  becoming  contaminated  by  brine  during 
cooling . 

One  possible  arrangement  for  Indirect  cooling  Is  shown  in 
Fig.  lOA  whore  tho  cooling  chamber  is  a  removable  box  with 
a  series  of  copper  tubes,  through  which  the  drilling  fluid 
flows.  The  chamber  Is  filled  with  water,  salt,  and  snow  or 
Ice,  and  Us  relatively  small  volume  permits  use  of  high  salt 
concentrations  and  attainment  of  low  temperatures  of  the 
cooling  mixture.  The  cooling  chamber  may  also  bo  a  fully 
separate  unit  with  coiled  copper  tubing,  as  shown  in  Fig.  lOB. 
Perhaps  a  commercially  available  heat  exchanger  could  be 
used  effectively  here,  slnco  drilling  fluid  Is  pump«d  through 
tubing,  whereas  It  flows  by  gravity  through  the  pipes  in 
Fiq.  lOA.  Drilllno  fluid  Is  clrculaied  through  the  pIdos  or 
colls  of  the  cooling  chamber  by  a  small  auxiliary  pump;  how- 
ever, the  main  slush  pump  with  appropriate  bypass  valves  and 
pipes  may  also  be  used,  provided  It  can  operate  Independently 
of  the  drill  head. 

Cooling  with  dry  loe  may  be  used  when  very  low  tempera- 
tures are  needed,  or  when  snow  or  loe  are  not  readily  avail- 
able. Dry  Ice  may  be  added  to  the  drilling  fluid  In  the  slush 
pit,  but  Indirect  cooling  (Pig.  10)  prevents  particles  of  dry  Ice 
from  entering  the  circulating  system  and  clogging  the  core 
barrel. 

The  cooling  chamber  In  Fig.  lOB  may  be  replaced  with  a 
special  mechanical  refrigerating  unit,  developed  by  U.  S. 
Army  CRRTL.  Such  a  unit  provides  very  effective  temperature 
control  of  drilling  fluid,  which  Is  highly  desirable  In  develop- 
ment operations  and  In  large  explorations  under  difficult  con- 
ditions. However,  a  mechanical  refrigerating  unit  Is  heavy  and 
expensive,  and  simpler  or  improvised  methods,  similar  to 
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Fig.  9.  Portable  sheet  metal  slush  pit 
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B  -  SCPARATC  COOLIN6  UNIT 


Fig.  10. 


for  cooling  drilling  fluid 


thOM  ahown  In  rig.  10,  may  b*  preronbl*  for  mplontiono  of 

limited  »xtent  attd  in  poorly  accessible  loeaUtlea. 

com:  DRILUNG  OJ>£RATI0NS 
Start  ol  Hole 

In  preparation  for  actual  coring  operMlooj,  a  hole  ehouU  bo 
drilled  through  unfrozen  suffeoe  (Oils  and  1  to  2  ft  Into 
frozen  soil.  Surface  casing  ihould  bo  Mt  and  drtvon  Into  this 
bole,  carefully  sealed  and,  prafarably,  froonn  to  the  aoU. 
Any  eonvaolant  drilling  nwthod  with  or  without  oonpiotaod  air 
or  waiar  aiay  be  used,  but  Aquagol  or  watar^aaod  drllUng 
awd  atay  be  needed  to  aoal  the  caalng  and  parvloaa  aoll.  How- 
avar,  brine.  Aiel  oU,  or  oll-baaad  *llllflg  anid  afaould  not  bo 
uaad  bafdre  the  wmUm  oaataig  baa  baaa  aot  and  eaoM.  Pnpar 
aattlng  and  aoallng  of  awfaoo  easing  la  often  dlffloult  In  ttta 
gravelly  and  atony  gtoelal  daposlta  pnvalont  ta  aretle  ragiona, 
but  It  la  vary  laportant  for  aubaaquent  ooro  drilling. 

Drllltno  Fluid  or  Mud 

As  previously  mentioned,  drilling  mud  should  be  used  when 
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frozen  soils  arc  partially  saturated  and  pervious.  Mud  may 
be  diluted  and  brine  or  fuel  oil  used  when  fairly  well- saturated 
and  Impervious  frozen  soils  are  encountered.  Drilling  fluid 
should  be  adequ^itttiy  cooled,  especially  lor  core  drlUiiq  In 
lightly  frozi:>n  liuiis.  Temperatures  of  the  drilling  fluid  should 
be  measuri-d  both  in  the  rear  compartment  of  the  slush  pit  and 
at  the  outflow  from  the  surface  casing.  Fluid  temperatlMO  at 
the  coring  bit  should  not  exceed  -4°C.  In  absllow bccohofaa 
the  temperature  at  the  bit  Is  nearly  equal  to  that  at  ttw  out- 
flow, but  In  deep  boreholes  through  hard  freno  aoUs  and  loo 
the  fhtld  Mffiperatuie  at  die  bit  may  be  higher  than  at  tho 
outflow  because  of  some  cooling  while  fhild  la  ftowtng  up 
through  the  borehole. 

The  rate  of  flow  of  drilling  fluid  ahouU  be  high  onough  to 
eoel  tha  bit  and  remove  the  cuttings  hut  aot  so  laiga  diat  It 
eauaoa  aroalon  of  the  core .  Ratea  uaad  hi  Oraanland  for  a 
A  by  5-1/2  in.  core  barrel  varied  (roffl  10  to  30  gal/nin  In 
lightly  frozen  soils  and  up  to  90  in  herd  troaan  aoUa  and  In 
Ice .  Optimum  values  of  the  rate  of  fluid  clrottlsitaD  wwo  net 
obtained  but  are  probably  about  20  g«)/ailn  In  Ughtly  boson 
soils  and  increase  wlih  daccoaslng  tonpantam  of  tho  soil 
•nddniling  fluid. 


Copyrighted  material 


HOLE  5  — 4-IN.  CoriE  2;-  — CEPTH  41.5  TO  45.7  FT 
GRANITE  aOUI_DER  UNDERLAIN  GY  SILTY  SANDY  Gr^AVEL  WITH  ICt  COATINGS 


HOLE  5  — 4-IN.  CORF  26— DEPTH  57.7  TO  62.6  FT 
SiLTY  SANDY  GRAVEL  WITH  COSat-ES  AND  ICE  COATINGS.    W  =  7.7- 


HOLE  6— 4-IN.  CORE  P— DEPTH  25.2  TO  30. C  FT 

VARveo  cuAvev  silt  and  sand  with  ice  lenses  and  laminae. 


W  -  28.5 


HOLE  6  — 4-IN.  CORE  9  — DEPTH  30.0  TO  34.9  FT 
SILTY  GRAVELLY  SAND.    NOTE  ICE  3ELOW  aOULDER  FRAGMtNT. 


W  =  «>.9  ■ 


HOLE  11  —  4-IN.  CORE  20  — DEPTH  234.6  TO  244.7  FT 
SILTY  GRAVELLY  SAND  WITH  COc33LES  AND  ICE  COATINGS. 


HOLE  n-A  — 4.|N.  CORE  S  — DEPTH  207.0  TO  214.5  FT 
SILTY  GRAVELLY  SAND  WITH  COQOLES  AND  ICE  CO  ATlNGS  —  CORE  SURFACE  MELTED 


^i^.  -Tfrnt^' 
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HOLE  S  — NX  CORPS  12  AND  13  — DEPTH  43.9  TO  46.6  FT 
SILTY  GRAVELLY  SANU  WITH  COL'ULLS,  ICE  VEINS  AND  COATINGS.  W 

rig.  11.  Examples  of  froten  soil  cores  from  Tuio 
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dlagraaa  slnllar  to  OMt  ahotim  In  PI9.  2. 


It  is  advisable  to  use  one  of  the  large  standard -core  banels  In 
lightly  frozen,  pwUatly  SAluraitd  •olU.  or  where  subaurfaee 
soil  and  temperature  conditions  are  unknown.  NXM  core 
barrel  may  be  used.  If  desired,  wtien  hard  frozen  and  (uUy 

saturated  soils  an-  i  r.countered .  Bit  pressure  should  be 
relistlvely  light  Ir.  frozor.  3olU,  but  {airly  high  rates  of  rota- 
tlcn  may  ije  used  whcr.  dnl!  rods  are  straight  and  properly 
centered.  Oil  ^ressureL;  l  I  5  j  la  200  psl  In  the  hydraulic  teed, 
Coru'SpiTndlni;  to  :i  bit  pressure  ol  7  j0  to  3  "'"Jo  lb  .jn:J  rdtOS  Ol 
rol.niui:-.       llilJ  t'-j  ."iULi  rp.Ti  Were  usee  u:  Gretaland  :c*r  a 
4  l;y  S-l/i  In.  ure  j.itr.-i,  but  optimum  values  for  various  soil 
and  icmtATjlure  cor.ditlii^.s  have  r.ot  ypt  been  determined. 
Four  In.  cores  of  5  and  lli  It  ler  yths  .vi  te  obtained  in  hard 
frozen  soils;  runs  in  liyhiiy  Irn/er:  r.i  Us  varied  between  I  and 
4  ft  because  of  breakage  ol  the  cr.ri'  i  n  il  ul -cklng  of  the  core 
barrel  or,  In  some  cases,  because  oi  cloqglnq  of  the  water- 
ways In  the  CQiB  bamla  or  blia  by  Ico  chips  and  mow 
crystals . 

Cores  and  Field  Tests 

A  triangular  woodan  tray  Cams  aaioalJant  support  for  boun  and 
brlttls  sou  Goras  durtag  raaoval  iron  tha  oora  banal,  olaaalna . 
and  Inspection  for  preparation  of  tlw  baring  log.  One  objective 
In  aacplerlng  Sroian  foundatton  soila  la  to  aaoartnln  Owlr  loa 
oontant.  Unit  tralght  and  watar  eontant  of  lepcaaontatlva  aae- 
ttooB  of  froaan  CMas  should  ba  datanslnad  In  tha  fiald  unlasa 
such  saetlons  an  sblppad  froaan  to  a  laboratory.  It  la  also 
advlsabla  to  photograph  leprasantatlwa  sectUuia  of  tha  ooras. 
In  aoiflw  oasas  all  tha  eoras>  aspaoially  whan  thay  ara  not 
stand  In  tagular  oera  bOMM.  Fhotegrapbs  ef  besan  eons  of 
various  soil  types  oblataiad In Gnanland  an  ahown  In  Flg.ll. 

Genaral  Comments 

Difficulties  in  adequately  cooling  the  drilling  fluid  and  in 
obtaining  satisfactory  soil  cores  near  ground  surface  may  be 
decreased  materially  by  core  drilling  in  winter  and  aarly 
spring,  when  ambient  air  temperatures  are  low,  snow  or  toe  is 
readily  available,  and  soils  arc  hard  frozen. 

In  subarctic  regions  only  surface  soils  are  hard  frozen 
daring  lata  winter  and  early  spring.  lightly  frozen  soils  are 
encountarad  at  shallow  depths,  possibly  intcrbcdded  with 
unfrozen  cones.  Thasa  conditions  greatly  Increase  the  dtf- 
flcultlas  In  obtaining  cans  of  frosen  soils.  The  strength  of 
lightly  &oxen  soUa  anvbe  increased  and  better  cores 
obtataad  when  tha  tanparatui*  of  the  drilling  fluid  is  da  - 
craaaadj  but  tha  tamparatuta  of  tha  fluid  should  not  ba  so  low 
that  It  eausas  ftaasing  of  unfirotan  soils  bafora  or  afiar  ibay 
antar  tha  eon  banal,  sinca  this  would  prachida  datsnslniiig 
tha  boundartas  of  frosan  and  unfrosan  aonaa  by  eora  drilling. 
PariMps  a  ralattvaly  vlaeooa  Mlltng  nud  la  battar  for  stabi- 
lising tha  borahola  and  pravantlng  loss  of  oeolad  fluid  whan 
passing  through  unfroaan  sonas.  Surfhoa  easing  should  also 
extend  through  sea  ■anally  froaaa  soil  and  an  under  lying  un- 
froaan  lona  to  pamanantly  ftoaan  soil.  Tha  audiora  can  offer 
only  ganaral  auggastlons,  atnoa  thalr  axparlanoa  la  oonflnsd 
to  ar«;tlc  and  tts^Mrata  aonaa,  and  plannad  ciora- drilling 
operations  In  suharctio  raglona  did  not  owtarlallM . 

Seasonal  variations  of  teinperatin«B  and  boundaries  of 
frozt-n  soil  m.iy  b<^  Important  for  dealgr.  nnd  cortstructlon  . 

Therefore,  core  drilUr.q  is  of.i'n  supplcnii;r.tctl  by  temperature 
mcasureitu-:.!!.  in  boreholes  over  extended  ;.fric>fl.'. .  These 
measurements  may  be  made  by  ".hermocoufile  a      :hiTmi5(of  s 
at  varied  Intervals  of  depth,  which  furnish  dat.]  ior  teni  ■ 
perature  profiles  (Fig.  3).  The  space  around  temperature  gages 
should  preferably  be  backfilled  with  the  same  soil  as  that  re- 
nowad  from  the  borehole  and  above  all  at  the  same  water  con- 
tent, at  least  within  the  depth  of  seasonal  temperature 
cfaangas.  If  the  backllU  has  a  different  water  content,  a  time 
difteonoa  axlsts  between  freesing  and  thawing  of  the  backfill 
and  tha  surrounding  undlsturtmd  soli.  TIta  fraaxing  point  is 
dspresaad  for  water  in  ftne-grained  soils,  and  tha  change  to 
the  frosan  sMia  stay  ba  daiscailaad  by  lanporatura  profiles  and 
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Cunantly  dawaloped  •guipnwnt  and  prooedures  for  oora  drtlllnQ 
in  feosaa  soils  yteM  sstlafaeury  eons  of  fina-grsinsd  soils 
and  alao  ef  hard  toaan,  eoaraa-grained  soils,  but  optimum 
values  of  osrtaia  oparatliig  fsdors  haw  not  been  estsbUahad 
yet  by  systamtle  aitporlaanta. 

Tha  principal  mqulnnants  tor  oon  drilling  In  frosen  soils 
are:  (a)  Drllltaig  fluid  should  hav*  a  temperotun  which  will 
not  cause  melting  of  loe  or  a  detrimental  decrease  itt  Strangth 
of  the  soil  below  the  bit  and  In  the  core,  (b)  Sail  water  or 
brine  may  be  used  as  a  drilling  fluid  provided  its  temperature 
is  close  to  Its  freezing  point.  Dewaxed  fuel  oil  forms  a  more 
flexible  and  satisfactory  drilling  fluid  when  It  Is  cooled  by 
dry  Ice  or  through  a  heat  exchanger  rather  than  by  direct  ad- 
dition of  salt  and  Ice.  Brine  and  fuel  oil  should  be  co.-.verted 
to  drlUIng  mud  by  suitable  additives  when  used  In  pervious 
frozen  soils,  (c)  The  frozen  soil  crrr-  should  be  -di'.i-  to  with- 
stand torsior.al  forces  transn-.itted  by  the  core  biirri-'l  cind 
coring  bit.  The  optlrr.um  core  di.irr.'  :rr  increjsrs  with  ir.crejs- 
Ing  temperature  a:;d  decreasing  stxer.gth  of  ilie  frozen  soil, 
(r:)  The  r-i.n-  b.irre !  shoulu  be  of  the  double  tube,  ba  lL-bo,irlng 
;;wlvi-l  ty:-f  ,  .unl  jn  ■  i-Ot;;.tructed  that  cores  of  lightly  Irozen, 
silly  .inr:  'jivn-iy  n  ils  .ire  protected  against  erosion  by  the 
circuldtir.i  drilling  iluid.  (c)  The  coring  bis  should  be  of  the 
bottrj-.  discharge  type.  Hardened  steel  and  tungsten  carbide 
are  adequ.ite  as  cutting  fr<edla  In  frozen  finc-qr.iired  soils, 
but  dlamonii;:  ale  pc e tei able  for  core  drilling  In  frozen,  cc  n  •- 
grained  soils  ior  general  use.  The  bit  Should  be  so  deslgiu.'d 
and  operated  that  graval  and  sionas  an  eut  not  nm  out  of  tha 

frozen  matrix . 

Satisfactory  circulation  and  conservation  of  the  drilling 
fluid  requires  that  surface  L;asing  be  extended  and  carefully 
sealed  into  the  frozen  soil.  Further  Investigation?,  are  needed 
for  developnwnt  of  stmrl'',  portable  eguipment,  and  rn-thods 
for  cooling  the  drillim  fluid  and  toi  composition  ~'.  an  l  il- 
base  drilling  mud  without  any  additives  which  may  cause 
n.t  i:l;.y  of  ice  In  the  soli  even  though  the  temperature  of  the 
drilling  mud  is  below  0°C.  Fully  satisfactory  procedures  for 
core  drilling  in  lightly  frozen,  course  grained  soils  and  In 
interl>edded  frozen  and  thawed  zones,  often  encountered  In 
aubaretle  regions ,  bawa  not  yet  been  devslopad. 
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ENGINEERING  SITE  INVESTIGATIONS  IN  PERAAAFROST  AREAS 


a.  H.  JOHNSTON,  National  ftosaarch  Council,  Ottawa,  Canada 


TIWM  main  faclon  MiKtor  coMtnicUon  in  arctic  and  aufaaictle 
Ngieas:  Logutica,  elliRdt*,  and  tetram  [  i  ] .  Difficult  oooaaa 
and  Unitad  tnnspottatioa  faeUiUM' create  problama  In  tho 
novamant  of  pwacniwl  and  matazials  (  2 ,  3].  .CUmata,  al- 
though not  nmA  now  mmrm  than  in  mora  aoudMrly  raglona 
(audi  as  the  Canadian  Pialilea  or  th«  Russian  Stsffptd ,  dlffara 
mainly  In  Ae  dursuon  of  eold  wnaihar  lailiar  than  la  aMnMSS 
of  tamporatura  [4,  S}.  The  hmg  wIMer  wttti  aJaioat  conatant 
dartinoss  rssults  In  s  vwy  shon  flold  or  oonstruBUon  aaaaon. 
Tha  soason  Is  raslrletsd  f  uctiMr  by  periods  of  faraakup  and 
fraoieup  when  many  oraas  ax«  conplelely  Isolatad.  Perhaps 
the  RWM  important  lacier  that  dlsUnawlslies  northern  areas  fM» 
other  regions  Is  the  tetiein  Ifil,  of  which  perennially  6ssen 
ground  (pensafmal)  is  the  doailnant  feature.  Mors  Aaa  2M  of 
the  land  area  of  the  world  Qnclttdlng  about  S0%  of  Caaadil  Is 
underlain  by  paraabost. 

Areas  underlain  by  psrsieltoet  ney  ha  siibdiwlded  In  several 
ways  based  on  the  ground  thermal  regime  (ground  imperat»rct  i 
but  noftham  regions  are  usually  divided  Into  two  femad  aones 
based  on  the  arcal  and  vcrtloel  SHMnt  Of  the  petmsfRWtf  flS 
continuous  lone ,  where  permefiosl  IS  lound  swuywheiie  to 
oonalderabile  depth  (>  100  ftf,  and  the  discontinuous  sone. 
where  relatively  thin  (<  100  ^  patches  or  Islands  of  bonn 
ground  are  separated  liy  thawed  areas.  Within  the  diaoontUlU* 
ous  zone  patches  of  permafrost  range  from  very  sporadic  (near 
the  southern  boundary  of  the  region)  to  extensive  (In  the 
northern  part  of  this  sone.  where  frozen  ground  predominates)  • 
Extensive  and  varied  occurrence  of  permafrost  meltes  It  s 
prime  consideration  in  any  northern  engineering  work. 

Most  engineerliia  problems  are  caused  by  thawing  of  peren- 
nially frozen  ground  which  contains  large  quantities  Of  Ice. 
Ice  segregation  in  soils  (or  lock)  ranges  from  concentrations 
of  minute  lenses  to  large  Inclusions  of  Ice  several  ft  thick. 
Different  forms  of  ice  segregation  occur  In  all  soils,  even  In 
gravel  and  coarse  sand.    The  most  serious  difficulties,  how- 
ever, are  encounlered  with  frozen  fine  grained  soils;  even 
when  moisture  (ice)  content  of  these  soils  is  very  large,  ice 
segregation  is  often  difficult  to  discern.    Thus,  presence  of 
ice  arvd  propntios  of  soil  in  Irozon  and  thawed  states  are  of 
direct  concern  to  tho  'Miyincer. 

Experience  with  penriatrost  and  failures  attributed  to  its 
unusual  properties  have  shown  that  it  affects  every  type  of 
engineering  project,  be  It  selection  of  a  new  townsite  or 
erectior.      n  ■nr.'jlet  f.liucture  in  an  est^.bllshec  community. 
Even  Uiouijli  much  itiioim<itlon  nas  teen  coUoctea  in  recent 
years  on  the  relatively  unpredictable  occurrence  of  permafrost 
and  its  properties    the  need  for  adequate  site  Investigations 
cannot  bo  overGnphssirod .    The  torn  and  extent  Of  invcsVig  i- 
tlons  may  var>',  depending  on  p.jirticular  )ob  requirements,  bul 
certain  basic  procedures  should  be  follow  1  m  vr.:;ulrlng  the 
information  needed  for  good  design  and  construction. 

For  any  northern  project,  information  shou:  i  h-:  cn|lcct--t; 
to  determine:   (a)  Distribution  of  permafrost  and  conditions 
under  which  it  exists  ar.i  (rj  properties  of  the  permafrost. 

Site  investigations  iTj  rir.y  region  are  usually  conducted  In 
three  phases,  namely:    F'rehminar/  office  studios  and  planning, 
field  Investigations,  and  laboratory  and  of  ilea  studies  (prepa- 


ratlOB  of  reportst . 

Plennlng  of  each  phase  requires  greater  attention  when 
northern  sites  are  eonMdarod»  primaitly  beeeuee  of  paoualtost 
but  dua  also  to  the  relative  isolation  end  general  ladk  of 
knowledge  of  the  terrain.  Oils  peper  suggests  «  logtast 
sequenea  for  carrying  out  site  Inrastlgatlons  in  perswhost 
areas  [7l. 

"Bite  investlgetlen,"  as  used  here,  le  limited  to  those 
phases  of  en  overfall  site  evaluation  which  pertain  to  the 
eoUeetlen  of  Intormatlon  on  parsi^iioet  conditions.  Cnoept  for 
illustrative  purposes,  no  attempt  is  smde  to  desenbe  proee- 
dufBs  vdileh  apply  oiriy  to  specific  types  of  projects,  such  es 
rellroed  or  load  location  and  constfueuoa,  water  sup^  and 
distribution  systems,  or  buUdlngs.  Oomments  made,  however, 
apply  to  all  types  irf  englnsefliia  projects. 

At  lesst  a  year  Is  genacally  raqulaed  to  complete  an  ada- 
Quala  engineering  stta  iiweeUgetian  In  pemalnst  arses.  Bbme 
evarUppIng  of  the  three  phases  will  occur  slaoe  certain  por- 
tions of  each  are  better  cotiductsd  at  dlffaient  times  of  the 
year.  Onpendiag  on  the  type  of  profeet.  f avesttoatMna  maf 
be  completed  In  much  less  than  one  yaaR  fbr  others,  wmh  amy 
continue  well  Into  a  second  year,  but  In  general,  a  one  year 
period  is  nsadad  to  assess  properly  all  site  condltlene  efbct- 
Ing  design  and  flital  planning  tOl. 

raeuMiKARir  orncB  studibb  and  njumiNo 

Emphasis  must  be  placed  on  careful  planning  and  compilation 
of  pertinent  information  prior  to  conducting  field  investlgaUons. 
This  preliminary  work  is  normally  canted  Out  several  SMOths 
prior  10  the  field  season.  Tor  most  areas,  die  season  begins 
In  March  or  April.  Much  time  and  effort  can  be  saved  (and 
survey  costs  reduced)  if  the  area  has  been  thoroughly  studied 
beforehand.  In  addition,  depending  on  Infermotion  acquired 
during  this  Initial  study,  aoaie  assessaiant  can  be  made  of 
Ibundatlon  ileelgns  and  consbuetlon  techniques  which  might 
be  used. 

Background  Information 

Although  mcagor  information  is  available  for  many  northern 
regions,  data  on  adjacent  or  similat  .itr.i:!  n^y  provido  useful 
information  on  genera!  conditions  wh.;  h  iriay  be  encountBred. 
Cf  par'.ic'-ilar  interest  is  a  knowledge  o!  the  geology  m  l  c.i- 
mate;  both  are  intimately  connected  with  the  form  ition  .Mid 
existence  of  permafrost. 

Many  northern  areas  have  been  gcoloyicaljy  m3pp<'  i,  albeit 
superficially  in  mo.'.t  .r^iuances.    Reference  to  sucn  maps  and 
to  published  reports  can  provide  much  information  of  value. 
Mom  of  the  Arctic  and  sub- Arctic  have  been  glaciated:  thus, 
.irr  o.ints  of  the  glflcirt!  history  are  of  specific  interest  with 
ri_T.poct  to  soil  orii!  piTm,jifro.'i;  corvdilions.    Accounts  Of  the 
travels  nf  rrany  fMrly  explorers  nnd  geologists  provide 
valuable  aescriptu'irM  <>;  the  tiTiiin  nnd  geomorphology  [3], 

Climate  plays  ar-.  import.int  ro.i-  with  respect  to  perm.^frost, 
particularly  with  re-yard  to  the  yiound  thermal  regine  .  1'-]  . 
Broad  correlations  exist  between  the  occurrence  of  permafrost 
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and  air  tMip«ratuf«  C 1 1 .  12].  In  addition,  althouijh  the  north 
is  generally  known  as  an  arid  or  Mnii-and  reyton,  pfecipita- 
tion,  through  surface  drolnage.  has  a  considerable  effect. 
Meteorological  records  L 13]  should  always  be  examined  and 
summarized  to  evaluate  local  climate  with  resp«ct  to  pema- 
frost.   Knowledge  of  local  climate  Is  also  invaluabi*,  of 
course,  in  plaiuunQ  field  operations. 

A  complete  folio  of  pertinent  maps,  geologic,  topogr^^phlc, 
and  hydrologlc  (if  available},  covering  the  areas  to  invcsti- 
gawd,  will  pfovlde  further  information  and        also  be  useful 
ferncflfding  ft«ld  Obseivatlons.    Scdlf?;;  o<  l:5U.ouu  or  larger 
af*  mett  uMful  but  impi  of  smaUer  -ic  we  shou.d  not  dis- 
ngardad.  Moit  ol  noithwn  Ncrth  Amenr-.i  uns  bc-_-n  mippea 
to  aoBw  dagn*  and  maps  ara  generally  available  through  the 
Federal  Governments  of  Canada  and  the  U>S>A. 

An  impsrtani  souree  ef  Infometlen,  etian  negleeted,  is  eon- 
tact  with  ageitelea,  finat.  or  indlvlduale  who  urotk  or  have 
wocked  In  the  araaa  under  ImrestigatiiOn.  In  many  cases  useful 
elte  Inftemation  la  available  from  those  wlih  expJoratoiy,  de> 
velopment,  or  conatructlon  experience  In  the  area  (e.g.,  mining 
oompaniea,  trappers,  and  piospectori) .  Gontactwlth  such 
people  can  be  made  pnor  to  and  during  the  field  explontlon. 
Obeervationfl  on  perfomanoe  of  exlMlng  tmicturec  ore  eleo 
most  valuable. 

Airphoto  Studies 

Airphotos  provide  the  most  v^lu.nblc  Aid  for  preliminary  planniiig 
^nd  site  evaluation  [hL  Airphoto  coverage,  to  varloue 
scji'v;.  l^s  now  readily  available  for  most  northern  regione. 
The  airphoto  serves  as  a  map;  the  surface  features  on  this  map 
lto9oih<  r  '.vith  a  knowledge  of  the  geologic  and  climatic  history 
oi  the  nc.i) ,  when  properly  interpreted,  can  yield  a  wealth  of 
Information  on  subsurf.if  r-  conditions  Cl5,  16].    Soil  types  end 
permoirost  condiuons  ure  Indicated  by  Or  Can  b«  inferred  from 
relief,  vcyiation,  ,3nd  drainage  characteristics.  Color  tones 
cr.  photographs  provide  further  clues.  I>etrlinemal  permafrost 
areas  can  be  idcntKn^d  .ind  delinented  by  recognizing  phe- 
riomena  such  as  soli  polyyons  ond  patterned  ground  foims 
resuj'.ir^  from  frost  action  i  W".   Ice-wedge  polygons  may 
var>'  m  d;  ineter  from  IS  to  30G  ft.    Pingos.  thermokarst  lak«;s. 
"drur.kcT  roro^ts  ,    nj  ground  sijbsidencre  caused  by  thawing  Of 
Ijtgi.'  ljur.ed  ice  itussos,  solifjjction  lobes  or  terraces,  fnsst 
mounds,  hummocks,  and  mud  boils  cnn  jll  bf  n^.idiiy  identi- 
fied; whi-n  si;er.  on  an  airphoto,  they  ini:ir:.j:i"  potiiritl  illy 
unsuitable  foundrttlon  conditions. 

The  topogr.iphic  position  of  a  loc.ility  is  perh.ip.-i  the  most 
important  feature  n^lritcj  to  p.^rri  fro  t  th.it  car.  Ik-  n-t^ognized 
on  an  airphoto;  this  i-.  ;.st-;  grestly  in  prciiictiny  pern.3lrost 
conditions  since  irtrini'iii  u  perm.ifrost  conditions  generally 
occur  in  certain  topoyt.iphic  situations.    For  ex.3mplc,  many 
of  the  phenomena  just  mcntlor«;d  -ire  associated  with  low- lying 
areas,  such  as  coastal  plains  and  stteim  valleys  or  depres- 
sions in  upland  areas. 

Dense  forest  growth,  p.articularly  in  the  discontinuous 
pormofrost  zone,  may  rr.jsk  jriMind  surface  features  on  an  air- 
photo.   Certain  VKjct.ition  as5GCidtiony    !B-2l1  are  closely 
related  to  subsui  t  tL.;/  coridi'.jons  and  pern  .iiro:.i  occurrence 
and,  therefore,  when  con&idered  together  with  topographic 
position,  soil  texture,  and  drainage,  can  serve  M  fairly 
reliable  indicators. 

In  general,  the  surface  drainage  pattern  i .;ttl!-  ■lt.!r.  d 
by  permafrost.    I^col  drainage  patterns  nr.d  chiructi^iibtics 
(e.g.  ,  "beaded"  or  "button  '  streams)  seen  jr.  airphotos  do, 
however,  provide  useful  clues.    The  tha  ving  effect  of  water, 
either  still  Or  running,  on  the  occurrence  or  j  trrn  il  if^lme 
of  permafrost  is  great  Ijecause  of  Its  he.a;  s::  r  jjr  cdpacity 
,-ir,c  powers  of  erosion.    Slumped  lak..>  l..!n<5,  and  polygonal 
surl.i(-p  features  disintegrated  by  running  water  are  evidence 
Of  Ifu.-.  t:llec;. 

Mo'-t  f.url.ico  features  associated  with  permafrost  are  the 
result  III  .1  t":>rr.i.'li-y.  ri'iationship  ol  many  toctors  .luch  as  cli- 
mate, gcoloyy,  lrr;i','.jr.j  nrvd  thawing,  relief,  and  drainage 
[22].    Much  acpi_'i;;i5  at-  tlu-  experience  of  the  airphoto 
"reader"  and  his  ability  to  analyze  and  interpret  what  he 
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sees.    Even  ihcvigh  pernrifrost  and  gener.^!  tenrain  Conditions 
can  hi-  prrMhr-te:)  fairly  reliably  from  alrphOtOS.  It  iS  Still 
nt-c:o:iS.-iry  to  visit  selected  ,:reas  which  have  been  Subdivided 
o.-.  rhe  b.jsis  of  similar  terrain  characteristics  (e.g..  relief, 
at,iir,3yc,  and  veget  itioiil  in  OfdoT  to  Verify  the  Intsfpreted 
condiuons  1 23,  24]. 

Pt. inning 

Citcliil  pl.mrur/y  for  fifld  opiT.ilion^i  15  cssentl.il  if  the  work  is 
to  prnc.?.:rj  ctlicie-itly  ar/1  economic j  1  ly .    Movement  of  person- 
nel .3na  equipment  ir-to  .ind  jlont  the  aro-is  jnficr  investigation 
IS  affected  greatly  by  difficult  access  and  lack  of  transporta- 
tion at  certain  times  of  the  year.    Special  care  is  required  in 
planning  for  projects  such  as  road  location  surveys  which 
cover  Urge  areas  and  varying  types  of  terr.^ln.   Every  detail 
must  be  carefully  thought  out  because  the  rield  se.isor.  is 
short  and  supply  lines  are  usually  long  and  dlfliri.l:.  Good 
cnmrnunicatlons  are  essential. 

Personnel  selection  is  very  important-  An  experienced  civil 
engineer  should  supervise  and  coordinate  all  activities.  Most 
surveys  require  a  glacial  geologist  preferably  with  tratrtlng  in 
geomorphology ,  a  soils  engineer,  and/or  civil  engirtcor  assiled 
by  technicians.  All  should  be  well  qualified  and  very  familiar 
with  permafrost.   Depending  on  the  objectives  and  scope  of  the 
the  project,  other  specialists  may  be  required,  e.g..  a  botanist 
and  a  hydrologist.   If  local  labor  Is  not  available,  additional 
assistance  will  have  to  be  brought  in. 

The  success  of  the  investigation  will  depend  largely  on  the 
degree  to  which  the  work  has  been  preplanned  and  on  the 
knowledge  ef  the  area  which  the  field  workers  have  acquired 
before  entering  the  second  phase,  i.e..  the  field  investigstlon. 

FIELD  INVtSIlGATlONS 

Field  investnations  are  us-ally  carried  out  in  two  stages:  An 
expM:--.r,'  5urvr'V  is  conajctcii  over  widr  areas  to  assess 
general  site  conditions  a.-^ic;  factors  which  inf)uence  pomaffOSt 
.ind  to  sp^i'ct  .sitfi  lor  c;..)  iilf-d  examination:  md  d.-i.Ml.-d 
irve  ui'-j  ii.oiiN  are  '  I  'li  .-ji  1.  1:       selected  sites  to  gather 
detailed  information  on  permafrost  conditions  relevant  to  the 
design  of  atnicturss  end  eonstruction  techniques  to  be  used. 

Exploratocv  gurvav 

Potential  sites  or  routes  selected  bjr  prellnlnafy  office  studleft 
primarily  through  the  use  Of  alrphotoa,  are  exBinlned  during 
this  stage.  These  areas  are  evaluated  for  their  sultaMltty  In 
all  aaaiont.  Geolaglcat  studies  include  bedrock  eentrel  and 
the  glacial  history  (with  which  permafrost  is  closely  assod- 
atetf  of  tho  over-all  area  with  more  detailed  examlnatloiis  at 
specific  locations. 

A  terrain  teeonnaiasanee  is  made  to  map  topographic 
features  ineludUig  relief,  drainage,  and  vegetation  patterns 
and  dMraetaclstles.  Areas  ef  patterned  giound  and  pamafMst 
phenemewa  era  delineated.  LeeatiMS  of  "IdiiBP'"  an  aated. 

and  etaeeu  lee  thleknaasas  and  tnow  aceumulatton 
patterns  and  dejMfa  ere  obaeived.  Transit  and  tape  and  level 
surveys  are  made  to  establish  horlsontal  and  vertical  control 
for  the  area .  Field  skotdiea  er  plane  an  prapand  en  whteh 
all  terrain  Informatloo  can  be  reoonled.  Data  can  also  be 
noted  on  airphatoa  or  topegraphlBal  ampt  alraady  available. 

Deterailnatlon  of  the  distribution  of  pemafrott  la  the  most 
important  aspect  of  the  exploratory  survey.  Selected  aiMS 
are  examined  by  borings,  test  pits,  and  piobings  tO  chocic 
predictions  artd  to  determine  actual  subeurfvse  csondltlens. 
Distribution  of  permafrost,  its  areal  and  vettloal  eotient,  and 
factors  which  appear  to  control  its  existence  such  as  draltmQa 
(surface  and  subsurface),  vegetation  (type  and  dtlckness  of 
moss  cover) ,  and  topographic  position  are  very  important, 
particularly  along  the  southern  fringe  of  the  permafrost  region. 
The  depth  to  which  5e.5Sc:..i.  Meeiinc;  and  thawing  penetrates 
(active  layer*  and  the  rate  at  which  these  processes  i.-ike 
place,  th-j  depth  to  the  permafrost  table,  the  preronce  r>l  t.-iliks 
(unfrozen  zones)  within  permafrost,  aiKl  the  movement  ol  sub- 
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8urf:iC!?  ■/.■at-?r  are  .ilso  factor-j  th.it  mu:,t  be  detennlned.  Types 
of  ice  5pt;r-:>5ntion  .im:  v.irious  m.itt^nriJs  with  '.vhich  they  atti 
assoc. -"^ted  must  tx?  l^.  nowri  ,uui  di'rJir-i;.-itL*  j  . 

S?inp.es  of  percnmnlly  lr«/on  matenola  on  be  obtainea  in 
s<-V!'inj  vvjys  '  7'; Nal  jr.jlly  occurring  exposures  and  hiru; 
boring  methods  will  proviae  general  Information  for  relatively 
shallow  depths.    Test  pits  and  corr  drilling  provide  detailed 
ln!orni.3i)on  or.  soils  and  ice  sogrcg.ntion  to  greater  depths. 

GcophysiCdl  methods  [26,  2'j  to  determine  the  depth  to 
and  cxtcT-.l  of  perrnrtfrost  hive  hrsi  snrrciising  application. 
Seisrr.ic  refraction  soundjtg-^  .ippenr  to  be  5Ult<3biij!  for  deter- 
mining the  '..pper  limit  or  depth  to  permafrost:  clocttical 
resistivity  methods  arc  most  u.seful  in  determining  the  thick- 
ness of  perrrafrost-    HxpeDence  in  their  use  Is  Umitad, 
however,  ana  reliability  of  Mflults  depends  tt>  a  greet  extent 

upon  the  interpretation- 
Suitable  in'itrurnentatlon  and  ob.servaticr.  progians  (to 
obtain  data  tor  the  designer  and  planner)  shoujd  be  set  up 
early  in  the  exploratory  stage  o!  the  field  work.  Meteorologi- 
cal observations,  Including  measurement  o!  air  temperotuies, 
precipitation  (rain  and  srx)w) ,  and  wind  (direction  and  velocity! 
should  t-2  Tude  to  provide  information  on  local  climate. 
P-'ini  ::ro.st  i?;  defined  on  a  temperature  basis:  thus,  data  on  the 
giound  t.'icrmal  regime  is  needed  to  describe  permafrost  con- 
d.tion-, .    Ground  temperature  Installations  should  be  made  to 
dopths  o(  .it  least  20  ft  and  greater  if  possible.   Ground  move- 
ment gages  may  b«  necessary  in  many  cases  to  determine 
detrimental  effects  due  to  freezing  and  thawing  of  the  active 
layer.   Observations  on  the  rate  and  depth  of  thaw  under 
various  terrain  corxiltlons  arc  also  essential  and  should  be 
nade  throughout  the  thawing  season  (the  mnximum  thaw  will 
be  observed  in  the  late  f.ilU  by  simple  hand  probing  methods. 
To  provide  useful  Information,  such  observations  should  be 
made  on  a  regular  dally,  weekly,  or  monthly  basis;  since.  In 
most  cases,  the  otaearvatior  period  should  cover  at  leett  SlX 
months,  the  obseivatlons  should  be  started  as  soon  as 
possible. 

Finally,  the  oonatiuctlon  end  performance  history  of  similar 
structures  in  the  area  wlU  provide  much  information  snc 
conditions.   These  sources  will  prove  of  inestimable  value  to 
the  designer  and  should  not  be  overlooked.   ObseivatlOiia  on 
existing  structures  should  be  irutieted  at  this  stage. 

Exploratory  survey  is  the  most  important  stage  of  a  field 
investigation.   Althojgh  Its  purpose  is  to  obtain  general  Infor- 
mation on  surface  ar.il  subsurincc  conditions  over  a  wide  area, 
and  it  might  therefore  be  considered  rather  superficial,  results 
obtalfved  dictate  to  a  large  extent  the  future  of  the  proposed 
project.  On  the  basis  of  the  information  obtained,  unsuitable 
eiMS  are  eliminated  and  final  sites  and  routes  selected  for 
mew  detailed  examination.  Design  crltetia  and  constnietlon 
nMkodi  end  teehnlgues  elio  evolve  during  this  stege.  Thus. 
It  Is  a  entleal  period  of  extensive  end  intensive  examination 
of  ell  factors  related  to  pcrawlrosi  and  Its  effect  on  the 
proposed  project. 

Detailed  lavestloatlon 

This  piieae  of  the  field  pirogram  provides  the  detailed  Infoima' 
tlon  needed  for  final  planning  and  design  of  the  protect. 

Various  construction  methods  and  techniques  are  assessed 
and  selected  during  this  stage.    This  work  is  done  at  sites 
selected  during  tho  explor.jtory  survey  to  supplement  informa- 
tion already  obtained.    Preliminary  designs  may  b»_-  drawn  up 
during  this  stage  and  layout  of  structures  at  approved  sites 
begun.    The  field  supervisor  of  this  stage  should  be  completely 
familiar  with  the  require.-nents  of  the  project  so  that  he  can 
direct  the  field  program  along  the  right  paths.   Close  coordi- 
nation of  all  operettons  between  field  and  head  offices  is 

neces-iary . 

Observotions  l:<  gun  during  the  exploratory  survey  (including 
depth  of  th  v.v  in  dp.turlied  and  undi.iturbed  areas  and  ground 
tcmpcrotun-  nij  j  ;ii:i-mcntE)  are  continued  and  oKp-mded.  More 
detailed  recordE  nt  Eubsurface  conditions  at  actu.il  construc- 
tion sites  are  rcciui;cd  in  selecting  foundation  designs  [28,. 
In  particular  the  giound  thermal  regime  should  bo  critically 


analyf-'tl.  and  thi:  :orm  md  extent  of  ice  segregation  Ul  the 
underlyi.-.g  mati'r;,il.-:  M.-iould  l:o  noteii  In  detns!  [25l. 

Test  pits  havt;  p.Arti<:uL'.r  .'.ppUcitlon  ta  sr.e  exploration  in 
areas  covered  w;rh  ili'poyiis  ol  r.lony  tlll.<;  or  gravel-    A  major 
advantage  Of  th;  5  nothti  1  k.  th  .it  li  pi--r;iiiir.  the  frozen  ^oil  and 
the  ice  segregation  to  be  ex.Amintni  m  the  ..nJl 'I'.urbt^d  condi- 
tion.   They  can  be  excavated  3t  jny  tim.-  nl  yrvir  to  depth-':  of 
20  to  30  fr  by  conpi^ssed-ni.'  or  g.T  sn  1 1  nf-fny  kh'  jLirk  h  dimmers, 
Ccrc--drj-.-r-ij  n:.-.-;hoJ-s  to  oht;j:n  undisturbed  fr^.-c-  5..irip.i'S  are 
widely  useii  lor  inve-«itigation£  to  d-?pths  of  '/.O  ft  or  greater. 
Although  corase  groined  soils  h.we  teen  successfully  sampled 
using  spieci.51  refrigeration  equipment  and  techniques  [29], 
dnlliny  methods  arc  most  oppilcoble  in  fine  qrriined  501I3. 
Good  cores  of  undisturbed  msterl.'s!  can  be  saTipled  for  ncis- 
ture  (ice)  content  and  unit  wi'.yht  d!-t<-ri-iiri;itlont  .mc  fcr 
identification  and  classification  01  sol.-,  ('ncountered.  Some 
testing  may  be  done  at  the  site,  but  m  uiy  ..•mples  are  shipped 
out  in  plastic  containers  (to  reduce  wi^ighi  Mid  thus  transpor- 
tation costs)  for  laboratory  ana. y .51  s  •    Adtioug;.  refrlgerntod 
methods  can  be  used  to  ship  samples,  it  is  ditficult  to  pre- 
serve specimens  in  the  frozen  state  and  therefore  photographic 
technigues  have  been  developed  to  provide  a  permanent  record. 

At  this  Stage  actual  test  installations  at  the  site  can  be 
made  and  construction  procedures  can  be  developed .  For 
instance.  If  pile  foundations  are  under  consideration,  field 
studies  might  irwludc  an  evaluation  of  plle-placl-f-iq  tf>rhruques 
and  pile- load  and  pull-out  tests  to  determine  adiri  i-.ii;  a 
Strengths.    Test  fills  might  be  constructed  for  road  and  air- 
strip design  purposes.    Bearing  capacity  tests  of  frozen  soil 
might  also  be  included.   Although  it  takes  time  to  accumulate 
useful  results,  much  valuable  information  can  be  obtained  at 
this  stage,  particularly  for  large  construction  programs  which 
may  take  several  years  to  complete,  e.g.  ,  roads,  railroads, 
and  townstte  developments.   Some  construction  may  be  started 
during  this  early  period  but  It  will  be  generally  limited  to  such 
activities  as  site  preparation  and  opening  of  borrow  pits.  In 
these  cases  it  is  useful  to  observe  methods  of  excavating  and 
the  handling  and  placing  of  frozen  and  thawed  materials. 

Detailed  terrain  conditions  are  accurately  and  specifically 
described  and  delineated.  Topographic  maps,  with  contour 
Intervals  of  from  2  to  S  ft  are  required  to  portray  surface  con- 
ftgmtlons  and  oondltlons.  Subsurface  Inforawtlon  including 
soil  and  permafirost  oondltlons  at  or  elong  finally  selected 
sites  end  routes  are  shoem  on  plans,  and  sections  or  logs 
and  era  described  by  test  rotults  and  written  reports. 

During  both  the  exploratory  and  detailed  surveys,  informa- 
uon  collected  in  the  field  Is  sent  back  to  the  head  office  for 
evaluaUon  with  nspect  to  the  project  as  a  whole.  Although 
over-ell  direction  of  the  flebT  wok  may  come  from  there , 
neny  decisions  as  lo  die  course  of  the  worie  must  be  made  by 
tiie  field  siipervlBor.  Various  pheses  of  each  type  of  survey 
may  overlap  or  he  eairled  on  et  the  same  tine  end  tn  eonjune* 
tlon  with  each  ether.  Nothing  should  he  evettoohed  or  ooutlad 
during  these  stages  so  thet  final  plenatng  end  design  may  pro- 
ceed without  delay.  It  may  not  be  possible  to  obtain  mlsslao 
or  feigotten  infonMtion  until  the  following  year. 


riNAl.  .STUDIt;^  ANIJ  I'KLI'AIV.TION  OF  REPORTS 

This  phase  of  site  investigation  corisma  pr.r;i:>r.;y  of  office 
studies  dlrecteil  ;::-.v  ird  presentation  of  all  site  intorm  ..tion 
needed  for  the  planning  and  design  o!  englr.fi'ting  .iructures. 
Evaluation  of  laboratory  test  results  ol  the  ptr/M;  01:1 'eli.inical 
properties  of  the  materials  encountered  at  r;!r'.';tru:  iion  sites 
are  of  prime  imporfincc  for  iLMjn  i.jlinv,  r.rinjr.  mi  Mdectlon  of 
construction  procedures  and  iQchni-iufs-    Prrj u  ition  ol  de- 
tailed maps  and  drawings  showing  terrain  c- ir-:l<t  iOti '.  d  •ppro- 
priaie  -scale.',  is  necessary  for  final  route  suir.>ct;:in  ind  propi-r 
siting  ol  -uructures.    The  designer  and  planner  13  dcp-:nd.:Mit 
wholly  on  information  in  the  final  reports  and  rccomincndatlons 
Of  field  workers.    Emphasis  must  be  placed  upon  pMJMratlOn 
of  thorough  and  detailed  reports. 

Some  thought  should  be  given  to  continuing  ai-.d  expanding 
observations  begun  during  (leld  investigations.  Observations, 
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•iich  as  ffround  tenp«ratu(*s,  depth  of  thaw  in  undiatuarbad  and 
disturbed  locaUons.  and  affacta  of  and  chanaM  in  dralnaga 
pstterna  (both  surface  and  aiibaurface.  thouBtt  iwt  alwaya  of 
touMdtata  valua)  «*U1  piovlde  useful  intofnation  for  futura 
piojaets  in  tiw  area.  Stwiles  should  ba  eonUnuad  by  inatni- 
mcntatioa  and  observation  of  tha  parftmnaiice  of  various 
structures  and  theU  affects  on  pannafioM  condltlODa.  Such 
studies  Will  provide  valuaUa  Intomatlon  for  futuw  work  of 
similar  natura. 

Many  Invaaugatlona  have  been  mada  at  varteiia  nDrdwn 
locattona.  Unlonunataly,  axperlefiea  gained  and  oondltians 
•noountaiad  ai*  saldon  racoidad.  There  la  a  ^laat  and  lauae- 
dlala  need  tot  such  infmatlan  lo  tnoraaaa  our  knmrlad«e  of 
pannatoat  and  flie  conditions  under  which  it  eitlsts.  All 
•ngaged  In  norHietn  mark  are  urged  to  reoont  their  observa- 
ttona  tor  the  genera)  benefit. 
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REFRIGERATED  FLUIDS  FOR  DRILLING  AND  CORING  IN  PERMAFROST 


G.  R.  lANGB,  0.8.  Any  CWEL 


When  lapoftant  structures  are  to  be  founded  upon  penaatrost, 
aubiurfaoe  investigations  are  required  In  greater  accuracy  and 
dttBll  than  in  temperate  regions. 

Useful  techniques  of  drilling  and  coring  in  permafrost  (and 
elsewhere)  have  been  gained  only  when  an  organization  or 
Individual  was  confronted  with  the  problem  of  supplying  sub- 
surface information  (or  the  solution  of  a  very  real,  immediate, 
and  often  dUflciilt  onglneoring  problfini  of  site  selection  or 
foj-.civif.nri  dc-swn  or  txith.  Wor'ting  a^oinst  tnjht  schedules 
enforced  Dv  irctlc  field  seasGna  and  often  harnp-ored  by  loqts- 
tics  that  woLiid  3c.?T.  Incredible  to  exploration  parties  wh^ 
work  the  ytiif  rnuMd  on  goad  roads  In  temperate  cUniritt-.s,  i.-j.  ;,<■ 
pooplc  have  us'.M^iy  iirnrJuci'd  "hu  rfnuirod  Informal '.nn  inci 
Somc!:mcs  eve-  prodijci't!  1;  on  tirre.  However,  very  Utile  of 
^h:^j  dt;lli:-.q       hnuli 'tjy  jr.d  rxcfrienci/  has  fQund  Its  way  Into 
the  crcjini  i-rint;  IC.orjturc.  Nctoble  exceptions  are  Brommer"s 
work  Jt  Rcsolutr  Biy    IJ,  the  -^ork  of  Johnston,  Brown,  and 
Plhlalr.en  at  Anulvu  ^2],  and  Hvorslev  and  Goode  at  Tuto  in 
Greer.land  13]  . 

In  1953,  CRREL  (then  SIPRE)  Initiated  an  active  program  of 
Investigation  of  •Jiu  piiblciri  of  drilling  and  torlnq  >n  perma- 
frost. This  program  is  termml  active,  ai,  oppusL-d  to  the  work 
mentioned  above,  because  Un^  nnly  cUjcniivi-  of  the  program 
(until  the  final  field  season)  was  ttii^  :ttipr  iv>-m.  ni  of  perma- 
frost drilling  and  subsurface  sampliny  t'-nh-ii:i»;os  r.it;i<T  ihan 
the  rollr-cMon  of  Information  and  3jnpl<,-s  for  site  s<-!cctlon 
and  ;oijnr;,.i:i.jn  design.  This  proqrain  was  continued  until  1960, 
with  a  substantial  in:ermpti:;n  trcm  iSiSS  to  1957  during  which 
a  deep  ice  coring  pfc-qrani  was  carried  out  In  connectio.T  with 
the  IGY  glaclological  liivft.-itigflti ms  In  Greenland  and  In  the 
Anlorctic.  O(>«ratlonal  field  <!Xp<  rK-n:<"s  ore  summarized  first, 
then  a  rational  approach  to  the  design  of  a  system  for  drilling 
aiid  odrlng  in  pernafiott  is  deacrdMd. 

rORT  CHURCmU.,  1954 

In  order  to  gain  iirs;  hand  exp-iTionco  with  the  special  prob- 
lems oi  ilrUllng  ond  coring  in  permafrost,  a  small  truck- 
mounted  rotary  rig  was  brought  to  Fort  Churchill,  Manitoba, 
in  the  spring  of  19S4.  The  rig.  a  Falling  Model  43  SA,  was 
powered  by  a  24  hp  gasoline  engine  and  had  a  23  ft  tubuter 
steel  mast.  The  piston  pump,  powered  by  a  duplicate  engine. 
aeUvered  47  gal/mln  at  200  psl.  The  rig  was  essentially  a 
heavy  duty  diamond  drill  with  <^  spllned  kelly  and  slow  rota- 
tional speeds.  This  plant  is  rated  for  300  to  :<no  ft  of  6  in. 
diameter  hole.  Several  varieties  of  rock  and  drag  talts  as  well 
as  core  barrels,  eore  bits,  and  anall  dUMeter  awgars  were 
crovlded  for  the  investigation. 

OUflculty  In  drilling  froMn  rocks  and  soils  vtaa  originally 
atmnod  to  be  due  to  the  extra  resistance  of  the  material 
beoButeef  iu  frozen  condition.  I.e..  a  rock  or  soil  gained 
•o  much  strength  ui>on  freezing  that  its  *drlllabtUty"  was 
substantially  decreased.  For  this  reason,  the  rig  was 
Insmuasnied  to  reocml  m  many  of  the  varlablea  of  the  dtllllno 
process  as  aeemad  «|i|BOprUt«.  ThCM  Ineludad  f|Mi,  load  on 
the  bit,  rale  of  penetration,  pump  dlachatga,  and  presaura. 
It  was  axpeolad  that  certain  oooiblnatlana  of  these  varlablea 
and  bit  typaa  would  ba  found  optimum  for  high  ratea  of 
panatfaiioa  tn  ftoiaa  lolla. 

Gfound  tanparaturaa  batow  dia  laval  of  aaaaenal  ohanoa  at 
Fort  CfanrchlU  rarely  fall  balow  20*r  in  the  tlU-llka  marine 
elaya  that  conatltuto  to  40  to  BO  ft  ovatburdan.  Brown  [4] 
placaa  ChutdiUl  at  about  Ilia  aottttMm  limit  of  contlnaous 
pamaftoat.  and  our  Invaatlgatlona  tfaara  niraait  thia.  Tha 
froaan  mBriaa  clay  la  ovarlald  by  0  to  IS  ft  o(  fteaan  aandy 
graval  in  which  aprlng  and  aummar  lamporatnfM  may  ba  aa 
lowaa  I4*P. 

it  waa  naoaaaacy  lo  oonduot  tha  auger  Irlala  In  tbta  atrongar. 


coarser  gravel  unit  at  the  surface.  It  was  found  that  the  rig 
would  drive  any  ruggedly  designed  auger  of  up  to  6  in.  In 
diameter  at  penetration  rates  of  l.O  ft/ml.->  and  more.  Subse- 
quent work  In  the  same  locality  with  much  larger  diameter 

•  u.tjers  flriveri  by  .1  suitably  large  .-iviyertny  rig  ijlsr^  demyn- 
slrolod  that  the  nu^erijl  is  oasUy  drilled  at  roosonablc  high 
penetration  raius  '5]. 

During  rotary  drilllnq  and  coring  trials.  It  was  found  neces- 
sary to  "ca3e  off"  Lht?  -upp-sr  permtrablt.-  grao'.  ;..yi  .    The  iiila- 
tlvely  warm  (•SC  izi  -IS^F)  waiter  used  as  ilriUiug  :lcj:l  set;fi..el 
tr'.lo  the  gravel,  causiiig  thawl.-ttj  and  subsfuiui-n:   ,;urn; mj  :: 
the  gravel  hole  walls.   Some  aijinpl.-sg  dui:  to  thawing  W113 
encountered  m  drilling  wlL.i  the  warm  water  In  the  underlying 
clay  unl'.:  however,  it  was  a  good  deal  more  competent  than 
the  gravel  wlu-n  tlmwed,  and  l.hu  [irlillny  •ji.il-i  wtue  sniisfac- 
torlly  comt,lt.t<jd  m        cljy.   A.^  wiih  '.he  dugering,  Lhc  rale 
of  penetration  was  found  to  rise  a.;  a  roughly  linear  function  of 
rpm  or  bit  load,  and  rates  of  1.0  to  2.0  it/mln  were  easily 
obtained  except  whan  occoalonal  oobblaa  and  beuldera  wara 
encGuntered . 

Initial  coring  trials  using  warm  water  In  the  frozen  narine 
clay  resulted  In  thawed  corn  and  hole  walls.  Those  results 
suggested  thai  imprnvr-inrnt:;  inlghl  rosult  if  the  drilling  fluid 
were  to  b<-  Cixiled  to  n-djcc  the  .imount  of  thawing.   A  supply 
of  Ico  W.J3  made  available,  and  this  was  placed  in  the  natal 
mud  pit.   The  tomporaturo  of  the  'drilling  water  then  ranged 
from  32°  to  j'j^r  (depending  upon,  the  daily  weatlier  condi- 
tions), and  this  resulted  In  matkerf  ltn;irovimn!nt  ol  core  recov- 
ery and  v;.ill  .St  iblUz.iUon .    So.-ne  li-ngths      froi'.en  core  2  tO 
3  ft  long  were  taken  with  little  or  no  evidence  of  thawing. 

DEFiNrrioN  OF  im.  problem 

If  a  stf.icturo  is  lo  be  founded  upon  frozen  soil  or  rock,  and 
since  the  physln.il  properties  of  the  materials  may  vary 
greatly,  depending  upon  the  phase  composition  of  the  water 
(especially  In  soil),  It  Is  highly  desirable  that  the  properties 
of  the  material  be  examined  In  the  laboratory  at  approximately 
the  same  temperature  as  It  occurred  In  nature.  Therefore,  the 
oh]ectlve  of  this  program  became  the  development  of  a  system 
for  obtaining  frozen  cores  and  transporting  them  with  mlntnUU 
thermal  disturbance  to  a  laboratory  cold  room  for  testing. 
Thus,  a  means  of  cooling  one  or  more  drilling  fluids  to  temper- 
atures below  the  freezing  point  of  water  was  sought.  It  should 
not  be  dependent  upon  supply  of  natural,  artificial,  or  dry  Ice 
and  should  remain  functional  during  the  warmest  sumroerilittc 
leatperatures  in  the  Arctic  Diesel  fuel  (arctic  grade)  and 
oompraaaad  air  ware  Initially  selaclad  as  the  drilling  fluids 
for  thIa  application  ■ 

SE8K3N  OF  TBE  PIR8T  DRIUtNG  TUm  fKmOERftTOR 

Feasibility  of  lafrigaratlon  of  drilling  fluids  was  axamlnad  and 
design  orltarla  wara  aatabllabad  from  which  tha  tagulrad 
refrigeration  capacity  could  be  calculated.  These  critaria 

were; 

1 ,  The  system  ahould  be  capable  ot  cooling  a  flow  of 
either  dieael  fuel  cr  campvaasad  air  (but  not  ahaultanaaualy) . 

Z.  Maximum  amblont  air  taakparaeura  of  70*F  waa  aaaumad. 

I .  Flew  fata  and  praaaura  of  bodi  ooatpiaaaad  air  and 
diaaal  ftial  muat  ba  adaguaia  for  *lllbig  and  oaring  a  6  in. 
hole  to  1 000  ft,  ainea  dila  waa  the  ratod  oapadty  of  tha  drfU 
ng  and  pump  aalactad  tor  tha  iaveatlgatlcn,  baaad  on  uaa  of 
water  and  watar-baaad  billing  muda  In  wdioaan  rodia  and 
soils. 

4 .  A  minliBum  aubaurfhoa  tanparahira  of  IS'F  waa  aaaumad, 
and  thermal  dlatwhanca  ot  hola  wall  aad  oera  wara  to  ba  mbi- 
inliad. 
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Tbtrafor*.  bated  <m  ealoulatloni  iliown  Utsr  In  this  paper, 
tha  tysiam         ba  eapabla  of  dalivaring  100  flal/taln  of 
diaaal  tual  at  400  pal  at  lS*r  wldi  an  amblant  air  tamparatura 
of  70*F  or  SOO  cu  U/min  of  oompnaaad  air  at  100  pal  at  tha 
aam  aadilent  air  lamparaDira, 

Tha  mathod  uaod  to  estlmaia  0m  baat  gaina  oS  the  drllUno 
fluid  due  to  the  warn  aurfaoe  Unas  and  tanks  and  due  to  felo- 
tlMMl  maistsittoa  to  flew  in  die  drill  pipe  and  hole  are  fre> 
■entwi  In  the  aeeond  pan  of  this  paper.  It  was  found  that  a 
flvaHon  IM.OOO  Bwytiouri  unit  would  meet  the  design  criteria 
for  the  fluids  given  above.  A  portable  machine  of  dils  c«pauity 
was  built  that  weighed  appraxlniaialy  SOOO  lb  and  waa  0.5  ft 
high,  4  ft  wide,  and  6.S  ft  long.  A  Ftaon  cMMnpMaaer  was  driven 
by  'ji  30  hp  gasoline  engine  .  Expansion  of  the  Freon  cihillad  a 
supply  o(  "brine"  (eihylene  glycol).  Tbm  brine  could  be  circu- 
lated through  elth^  o(  two  heat  exchangers,  one  of  which  was 
used  to  chill  the  dlesel  iuel  and  the  other  to  chill  a  flow  of 
cxmpteased  air.  Tha  dlasal  (uul  chilling  colls  were  designed 
to  be  lowered  Into  the  open  metal  mud  pit,  and  the  air  chilllrkg 
coils  weio  coMtatned  la  a  prossure  vessel  which  followed  en 
oir-l4>-3>r  hcit  exchanger  In  the  compressed  air  line. 

INITIAL  DRILLING  FLUID  RLFRIGERATOR  TRWLS,  1459 

In  summer  19S8,  3  Faihng-lSOu  rig  or.  o  tracked  trjiior,  a 
(rii.^Ietij        l:  ind  drilling  toois  Including  specially 

dt-- -Signed  coimy  L.is,  and  the  celriqetatlon  unit  described 
.ibovii  w<:ti:  ttiki-'u  to  tlie  F-aimar. k.s  I'tr-Tiafroat  Research  Statl^.n 
of  Shu  Arctic  Cc'nstruct ion  .ind  Frost  illlt-cts  Lrtbnraiijry  (now 
Alaska  Field  Stjticn,  CRRLL)  .    Drilling  .ind  i:  'ri-.y  -.vvri; 
made  iTi  200  ft  of  frozen  slit  that  had  a  mininuni  yr>.,.nd  tem- 
perature ol  about  28"r  below  50  ft.  This  waa  considered  an 
Ideal  test  situation  In  view  of  tlie  ambient  air  temperatures, 
which  occi jlondlly  reached  HO°F. 

It  was  found  that  the  frozen  silts  and  sands  could  bo  drilled 
very  rapidly  and  efficiently  with  nearly  all  types  of  drag  and 
rock  bus.    In  the  warmest  weather,  all  cuttings  were  delivered 
tn  the  surface  in  a  frozen  condition  by  the  flow  of  refrlgerateil 
dl'-'ii'l  fuel,  rind  no  casing  or  mud  was  required  to  maintain 
h- Ii'  W  ills  I'Xccpt  in  the  thawed  active  zoni' .   After  Initial 
diiUmg  trials,  coring  was  attempted  with  eijuolly  promising 
results.   Ceres  as  small  as  2-3/4  In.  were  regularly  recov- 
ered, often  In  unoroken  lengths  as  long  as  the  core  barrel 
would  permit. 

Some  diflicultie:;  were  encountered,  however.  Large 
amounts  of  fine  cuttings  were  collected  In  the  dlesel  fuel 
chilling  pit,  substantially  Inhibited  the  efficiency  ol  the 
cooling  i:olls  and  necessitated  frequent  cleaning.    In  order  to 
remain  independent  of  an  electrical  power  source,  no  Uiermo- 
stntic  ayjiein  tor  drilling  fluid  temperature  control  had  b<»en 
pr OV-:  ir-ri .  Nearly  conttant  attention  ol  on«  man  was  required 
for  n  An  al  control,  and  it  vras  difficult  10  SMlnCaln  Ifao  <MUbm 
fluid  temperature  at  a  constant  level. 

Although  results  with  dlesel  fuel  were  very  encouraging  , 
greater  dUliculties  were  encountered  with  conpreasad  air.  The 
system  was  able  to  refrigerate  the  required  flow  of  air  to  the 
desired  temperatures  for  short  periods;  but  time  consuming 
defrosting  was  frequently  required,  particularly  during  periods 
of  high  ambient  humidity.  Even  greater  difficulties  were 
encountered  m  cooling  the  heavy  drilling  suing  to  ground 
lempereiure  tiefore  comnencing  drilling  or  coring.  This  pre- 
oooUng  was  necessary  since  cuttings  of  frozen  ^loii  rising  on 
the  air  Stream  In  the  aanulus  between  hole  wall  and  toola 
Wv/uid  stick  to  the  warm  tool  airing  and  block  the  upward  fkwv 
of  air.  At  the  mass  flow  rates  required  for  each  of  the  taio 
different  fluid  streams  to  ranwve  the  cuttings  from  itaa  hela« 
die  dlesel  fuel  has  appreMlaiaialy  30  tloies  die  capacity  for 
heat  removal  as  the  compresaed  air. 

<=pdOd-«'S.*'.  ^« 

MODincAmm  saseo  <»n  iNimL  trials 

To  ovarooma  Om  problem  of  fine  outtlngs  clogging  the  dlesel 
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fuat-ooolutg  colls,  die  open-coil  bundle  was  Mplaoad  by  a 
^U-and-tube  heat  exchanger  dealgned  for  uae  betweon  die 
ODnventlonal  mud  pump  suction  end  the  asttllng  pit.  A  eeoond 
and  betiar  baffled  snid  settiesMnt  pit  was  added  that  allowed 
die  fallout  of  all  particles  larger  than  silt  siae.  Mud  Is  taken 
from  die  downstream  end  of  the  settlement  pit  by  a  small  blgh- 
vetusM,  low-head  pump  and  driven  through  the  bundle  of  tubea 
which  are       tai.  in  die.;  and  cold  hrlna  is  dnmlaiad  around 
the  tube  bundle  In  the  Inaulated  shell.  f>osB  sections  Were 
so  arranged  that  the  fluid  velocity  was  much  greater  in  the 
tubes  than  in  the  settlement  pit,  so  as  to  prevent  the  lodging 
cf  large  cuttt.ngs  In  the  heat  exchanger  tubes.  The  discharge 
end  ul  the  heat  exchanger  was  fitted  with  a  thermostat  that 
controlled  a  motor  driven  bypass  valve  In  the  brine  system. 
Thus,  drilling  fluid  temperature  could  be  automatically  con- 
(rolled  within  a  preselected  range  o)  approximately  t2°r, 
which  was  adjusted  to  bracket  the  expected  ground  tem- 
perature. 

TRIALS  WITH  MODIFIED  REFiOOemTION  Df  rSOBBM  MLT  AND 

GRAVEL,  19S9 

With  these  irloriif ications ,  the  system  was  again  taken  to  the 
Fd.rbanks  area  for  trials  In  the  summer  of  1959.   Ajj.ri,  tests 
were  made  in  the  frozen  silt  In  order  to  evaluate  Lne  new  mod- 
ifications of  the  dlesel  fuel  heat  exchanger  and  to  attempt  to 
improve  technlque.s  for  the  uae  of  compressed  air.   The  modi- 
flratlons  lescrlbed  above  proved  very  suciesstul,  particularly 
wher.  filing  diesi'l  fuel,    i;  was  hop-cd  that  increased  coring 
bit  clearance  for  Improved  air  flow  would  offer  at  least  a 
partial  solution  to  the  compressed  air  problem:  however,  elU- 
ctent  use  of  this  medium  still  proved  BIOBt  dlffiOttIt«  Chiefly 
tor  the  rea.'ion  rjiirr-i  inslrated  in  (1), 

The  rig  and  refrigerator  were  then  mcved  to  o  site  underlain 
by  50  to  80  ft  of  frozen  gravels  in  order  to  explore  the  possi- 
bilities of  the  dlesel  fuel  refrigeration  system  for  obtaining 
core  samples  of  this  difficult  material.   After  a  httle  exp^erl- 
er.ci": ,  It  Was  finini.l  that  good  cores  'of  Iz't^'-:       ivcl  and  frozen 
sandy  gravel  could  bo  taken  with  reaiEjnabU-  rcguiarliy  In  warm 
We  ithei ,   Although  ihe  longest  unbroken  pieces  of  core  wore 
-ievi,:r  longer  than  3  ft.  cobbles  as  large  as  4  m .  In  dla.  were 
generally  cu;  rlv  in  by  the  diamond  olts,  even  when  only 
bonded  by  iix-  nc  colder  t.nan  27°?,  Oil-based  mud  additives 
wen:  usiti  t[:'  adjast  viscosity  and  spectftc  gravity  Of  drilling 

fluid  With  considerable  suci,t?s». 

CONCLUSIONS  BASED  UPON  EXPERIMENTAL  INVESTIGATIONS 

The  very  satisfactory  results  of  the  seasons  of  1958  and  1959 
demonstrated  that  by  using  refrigerated  dlesel  fuel,  holes  may 
be  drilled  and  excellent  quality,  thermally  undisturbed  frosen 
ooraa  may  be  obtained  from  any  fine  or  coarse  grained  perma- 
froet  aoll  at  any  season  of  the  year.  We  cannot  recommend 
the  use  of  refrigerated  compressed  air  In  warm  weather  for  the 
reasons  given  above;  however,  good  results  might  lie  obtained 
In  «rtnter.  If  the  ambient  air  Is  cool  enough  (20"F  or  cooler) 
and  if  subsurface  conditions  are  favorable,  an  air-to-olr  heat 
exchanger  might  be  used  to  advantage  over  the  refrigerated 
dlesel  fuel  system. 

Work  described  above  was  experimental  and  confined  to 
eolla  oonaolldaied  by  loe  at  relatively  shallow  depths.  A 
All!  sesla  operational  test  waa  desired. 

PRQUCT  CHARIOT:  OUtUNG,  CORIMG,  AlfO CORE  SHIPMENT 

(Seologleal  and  geophyalcel  Investigations, 'preliminary  to  the 
projected  firing  of  nuclear  exploalvea  at  a  eonaidarable  deptti 
below  the  snrfeoe  as  a  orataring  experiment  at  the  Atemie 
Energy  Coaunlaalon's  (ABC)  Rrojeel  Chariot  in  nerthafeeteni 
Alaska,  raqulrad  that  exploratary  holaa  be  drilled  and  cored  to 
depdis  of  ajvrmhaalely  1000  ft  la  rocka  troaan  to  about  that 
dapNi.  n  w«i  also  oonstdarad  highly  deainble  that  oorea  he 
taken  In  tfia  Iroma  state .  A  drilling  eontraetcr  waa  engaged 
10  oow  two  of  diese  holes  in  the  summer  of  I9S9.  Vatng  NC 
ooatiinioua  wireline  coring  equipment,  he  cored  one  bole  to 
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S9S  ft  Mid  drtIM  md  corad  mothv  to  1172  ft.  OnfdrtuMisly, 
the  ralBtlvely  mim  wator  fmm  a  nearfay  creek  was  used  aa  Qua 
drlUinfl  fluid,  and  no  eora  waa  raeovarad  ta  4w  6ocao  ataie. 
furthar,  the  wana  flald  thawed  tlia  lea  that  bonded  the  freg- 
■anta  of  die  badly  eniahad  fina^ralnad  alllaloaa  and  and- 
atnne<  causing  the  hole  walla  to  cava. 

Accordingly,  arrangementa  ware  nade  with  the  M.S.  AEC 
and  the  U.S.  Gecloglcal  S urvey  (USGS ,  which  was  responsible 
(or  g«3i>lo<3icdl  jnd  gcupAysScal  investlgaltoris)  to  attempt  to 
drill  or  core  (or  both)  two  or  three  hole*  to  a  depth  of  1000  to 
1200  ft  at  the  Chariot  site  during  the  aufflffier  of  1960.  Cora 
was  to  be  taken  in  ihe  frozen  state  and  maintained  In  that 
slate  In  the  field  and  dunng  transportation  to  the  CRR£L  (then 
SIPRC)  c[:ld  laboTdinry  in  WHinette,  III,,  and  to  the  U8CSS  cold 
laboratory  at  Mrnl.-,  Pork,  C.iUf, 

Using  the  drilling  oqu  i  rh  iir  ^nd  rofntjcrcitor  de;.;:rtbeii 
above,  'Me  holes  were  di.ll'  Ci  w.ih  3-7/8  In.  tock  bits;  and 
apprcxtmately  10  ft  of  c:  r.  nken  rvt-ry  till)  It.  DUs.nurui 

Core  Drill  Manufacturers  Aiiociation  large  series,  double - 
tub)";,  swtv*'!- t>'p<>  core  oarrels  (w.'ilc.'i  took.  2-3/4  In.  core 
Irnm  n  3-7/H  in.  Ivi\f]  were  used  with  botn  Internal  ar.d  bottom 
riiac-lMigi'  tyf!    Ij  111  1. J  bits.   On  the  first  hole,  10  ft  of 
irozi-n  i;i)llav>iil  ;-..It  v.<j3  encountered,  and  about  9  It  of  this 
wjs  rct;r>v<'itfd  as  (mzen  rrore ,    Fo  jr-lnch  casl.-.g  was  set  to 
16  !t  (6  !t  inly  the  b<!dr<ic;k  surf.ire) ,  and  a  seal  was  made  Qy 
introducing  wntor  ond  <ill;>wing  th<'  ^.-.-^smg  to  fre.-ze  '.r.  place. 
Drilling  and  coring  was  initiotod  in  the  Itm-  griiln<-d  Irozen 
sUtstone.   This  hole  was  drilled  to  a  depth  of  1200  It. 
Approximately  I'j  ft  of  coring  was  attempted  at  100  It  intervals 
which  yliUdfd  82. i  It  of  frozen  care.   Re;:c'.'ery  for  the  cored 
portion  was  95^.   A  string  ol  NX  (j-1/2  in.  CD)  iTaanig  was 
set  in  the  3-7/8  In.  h::.  1:  protect  a  iheimisKu  oblo.  It 
went  easily  to  the  bottom  aemonstratlng  complete  .ibsence  of 
c.ivlr.g.   The  second  hole  was  drilled  and  cored  in  a  similar 
monner  to  j  depth  ol  IQOO  ft.   This  hole  was  located  )u3t 
above  an  ocean  beach,  and  27  It  of  ;hdwnd  beach  gravel  was 
c.'.countered  above  the  bedrock  surface.   The  round,  clecin 
gravel  could  not  be  cored,  and  A  in.  casing  was  set  into  bed- 
rock and  sealed  by  freezing  as  before.   Scvenfy-ono  ft  of 
frozen  core  w.>s  recovered  with  8b*  recovery.    Most  of  the 
coro  loss  occurred  In  two  or  three  runs  when  the  core  barrel 
became  blacked  by  ijilure  of  the  core  along  near  vertical  |olnt 
cracks.  As  before,  ivisy  insertion  of  the  3-1/2  in.  casing 
showed  that  the  competency  Of  tha  woU  foek  had  been  main- 

talned  by  the  cold  fluid. 

Thermistor  cables  were  installed  in  both  holes  by  the  USGS 
and  m  one  hole  by  CRREl  .   Very  accura'.e  ground  tem[x;ia;ute 
measurements  were  obtained.   Doscription  ol  these  mccisure- 
ment  systeais  are  reported  in  this  volume  by  Hansen  .  t] . 
Because  holes  were  drilled  with  minimal  temperature  disturb- 
anee  due  to  the  drilling  fluid,  hole  temperatures  that  were 
probably  within  0.02°C  ol  eguillbrlum  with  the  rock  tempera- 
ture were  measured  only  a  few  months  after  driUlrtg  the 
holes  C7}.  Thermistor  cables  wore  inserted  In  the  diesel  fuel- 
filled  hole  which  allowed  removal  of  the  cable  for  repalra  if 
recpilred:  in  fact,  one  cable  was  easily  removed  after  a  period 
of  about  a  year  for  recalihratton  and  use  elsewhere. 

CoMs  were  sirired  at  Hie  site  in  domestic  freesera  poWBiBd 
by  a  amall  portable  generator  arranged  so  that  the  fraeser  ther- 
aioatatautomaticjlly  started  the  generator.  Tha  freeser  waa 
cbatyed  with  dry  toe  and  remainad  without  powar  dtiring  air 
tranapcrt  toWllaiette,  Illlnela. 


PROIECT  CHAJUOT:  CORE  ANALYSIS 

After  detailed  logging  and  photography,  part  of  the  ooia  waa 
shipped  to  the  USGS  laboratory  ai  Menio  Park.  Calif. <  where 
dcteritiinatlons  Of  the  themel  conductivity  of  the  frozen  ooee 
were  made  to  calculate  heat  flow  to  the  aiwfaoe  at  the  alle  [7J. 
At  CRKIL,  bulk  density,  total  liquid  oonieni.  and  total  water 
content  were  detannlned  for  21  froaen  samples.  Tba  oorsa  had 
absorlied  considerable  diesel  fuel;  and  «»han  dried  lo  oonstant 
walght,  the  weight  less  was  thought  to  be  duo  In  part  to  voto'- 
tlllsed  diesel  fuel.  A  Soxhiat  extraction  prooaea  was  adapted. 


and  true  mtar  oontnnt  was  daianiinad.  Total  liquid  oonlonta 
tanged  from  O.S  to  4.4X;  total  walar  ooalania  for  tba  aana  aat 
of  aaaplaa  wwa  batwoan  0.2  and  2.4%  Cby  walgbt  of  *y 
aoUda) .  Datainalnatlan  of  aanunt  of  unfronan  water  In  dwae 
aanplaa  would  be  of  great  Intaraat,  alnoa  tba  amngifa  of  ibla 
particular  rock  in  die  froaan  ataie  appeared  to  depend  on  loe 
bond.  Mathoda  of  naaawtag  lea  ocmlant  (l.a.«  aaiount  of  ' 
unbesan  water)  were  inwaatlgaled,  and  we  are  now  able  to  do 
this  wtth  raaaonabla  aoouraoy  by  oakctnMry .  Howsver.  lha 
validity  of  data  taken  6on  aanplaa  that  ware  amrad  at  -20*  to 
-40*C  for  three  yaara  la  doiditfiil;  tlMrafGra«  loe  oonient  data^ 
aUnatlon  will  not  be  attanpted.  A  datalM  daser^tlon  of  the 
coring  operation  and  laboratoiy  work  can  ba  found  In  [  10] . 

DIRECT  EXPANSION  REPiOGBMTOftS  rOR  MBSEL  tVSl  OHVt 

The  two-stage  refrigeration  system  described  abowo  waa 

required  so  that  either  diesel  fuel  or  compressed  air  could  be 

coded  interchangeably.   Since  our  experii^ncc  with  'he  rrfrlg- 
eiallon  of  cinnpressed  air  In  warm  weather  was  not  encourag- 
ing, it  beiMiiie  obvious  that  the  bri.-<e  stage  of  heat  transfer 
might  be  el;nunatcd  by  usl.ng  the  Freon  to  cool  the  drilling 

d  i.-'.-cUy  .    Two  dnlU.-.q  fluic  re  li  Iqi^rators  r>f  thr;  lyTi- 
huvc  btvri  pjiU.  u^l  i-.tliiii-r  t;  is  bi-i-.-:  iisi-d  In  the  field  at  this 
writing.    Freon  Is  clrcuUti-o  Ir-.  :hi'  lube  lnjp.dlr       u  jheU-  and 
tube-heat  exchanger,  ar.d  drilling  iiuid  is  driven  through  the 
shell  by  a  low  hcid.  high  volume  pump.    Several  special  large 
drain  taps  are  provided  on  the  bottom  of  the  shell  30  that  It 
may  be  easily  cle  iri  ri  r.;  cuttings.   Final  evaluation  of  this 
type  of  system  wiii  requue  field  use.    However,  economies  of 
weight  and  power  were  definitely  achieved;  increased  eaaa  Of 
operation  and  lemporature  control  can  be  expected. 

CAICOIAnON  OF  RErnOGMnON  RBQOIREliIENTS 

Two  sources  of  energy  contribute  to  the  •;■  It",  .ition  of  the  r^'iii  - 
perature  of  the  drilling  fluid  above  the  desired  (or  subsurfaco) 
temperature;  one  ia  aMamal,  the  other  Intarasl  to  die  fluid 

stream . 

Most  obvious  of  these  Is  the  warm  ambient  air  surrounding 
the  surface  pipes,  tanks,  etc.,— i.e.,  external  to  the  fluid 
stream.    For  summer  operation,  this  may  bo  reduced  to  2U  or 
30  '  of  the  total  refrigeration  requirement  by  .adequate  insula- 
tion of  pip-cs,  tanks,  and  hoses.   Carelul  application  of  1  to 
l.S  in.  of  insulating  materl.il  having  a  thermal  conductivity  of 
about  0.2s  fltu/lty1)ojr/sq  [t/°F  to  tank  surfacoa  abould  be 
sufficieni .   Pipes  ar.d  hoses  will  require  a  thickness  equal  10 
about  one -half  of  their  OD.   If  operations  are  to  be  cairiad  Out 
in  seasons  when  the  ambient  air  temperattire  Is  equal  to  or 
h-ss  ihan  the  required  fluid  leaiparatun,  tha  surface  beat 

gains  tr,ay  be  neglected. 

It  is  also  necessary  to  remove  by  refrigeration  all  of  the 
energy  applied  lo  the  fluid  stream  by  pumping.  Thua,  If  the 
refrigerator  Is  to  be  designed  (or  a  s[x-cilic  pumping  unit,  the 
refrigeration  re<]ulrements  internal  to  the  fluid  stream  are 
Simply  equal  to  the  power  mpui  ol  tho  pump. 

If  the  pumping  unit  is  to  bo  specified,  then  the  total  maxi- 
mum head  losses  m  the  drilling  fluid  system  must  be  calcu- 
lated. When  using  diesel  fuel  or  muds  based  upon  diesel 
fuel,  head  loss  values  for  water  will  not  be  correct  due  to  the 
different  viscosity  and  density.  It  should  be  noted  that  while 
higher  viscosities  and  fluid  densities  will  give  greatar  head 
losses,  lower  fluid  velocities  will  suffice  to  lift  the  same  Siza 
chips,  since  the  carrying  power  Increases  with  viscosity  and 
density.  Various  forms  of  Darcy's  law  for  both  Circular  and 
annular  cross  sections  atay  ha  used  to  datamlna  tha  frietienal 
bead  losses.  The  foramlaa  balow  ware  used  in  tha  calcula- 
tlona. 

For  total  rafrigaration  required 
^  "  »,  ♦  (a» 
From  operational  axparianca  we  find  that 
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•  Hbp,^  X  42.4  Btu/nliiAp  (3) 

%^  "  1.3  HhP|^  X  42.2  Btu/ntn/hp  (4) 

where  1  lor.  =  200  Btu/mln. 

U  pump  c«p«cUy  Is  sp«cl(l«<t,  (h«  volumeuic  discharge 
rata  Kdutrwt  tt 

GPM  ^  VA  (60  «cc/min)  x  (7.48  gal/cu  (()  (S) 

where  A  Is  aroj  of  drill  rod  hole  wall  jnnulus  (sq  ft)  . 

Having  established  the  required  volumetric  flow  rale,  the 
velocities  In  all  of  the  other  elementc  of  the  drtlUng  fluid 
syste.-n  are  easily  obtalfMd  from  the  geometry  of  drill  rods, 
core  bdrruls ,  and  hole;  an  appradflMtlOn  Ol  th*  pump  prtMUra 

roquirod  to  overcome  the  hodd  lotMS  In  tlw  mtln  ayatam  My 
be  calculated  from  Oarcy'a  law. 
For  etreular  aaellona 

D2g 

For  noncliBular  aaetlona 

H 

"l  "  D  2g 


H 


m 


[O,  Is  designated  as:       =  4  HR  (hydraulic  radius)] 
HR  »  A/P  tar  an  annnlua,  D«  •       -  Di. 

Per  I  afaowa ,  tha  Raynolda'  munbar  nuai  ba  obtained  by 


tioii  1  1  1  •  xpaaatonof  the  croas  aaction< 

oomt^ulcd  uy 


Thaaa  any  bo 


2g 


(10) 


V  is  the  vclaclty  In  th<;  iitiii  cr  diii;nt.'ler  (ft/sec) 
Dj/D^  13  used  to  dctcrri;-'-  K  Irorri  -ir.  I'tr.;  in    il     i  I'.i  t  ship 
given  in  hydraulic  hanc:j  i'jts  (Orar.c  p.  A-it>).    U[   .a  irr.alli'r 
diameter,         is  larger  iidri'ilor  (any  units,  but  similar).  Sep- 
arate values  of  K  must  l>-  de ter.Tilr.ed  for  contractior.  and  tor 
ex(>ansion.    It  is  also  suggested  that  the  frlctlonal  head 
Iri-K-s  in  the  sh  irt,  reduced  cross  sections  of  couplings  and 
t    i  I  mis  u  inaiyzcd  using  the  lotal  length  of  allot  the 

couplings  or  )cints  for  L. 

Frlctlonal  head  losses  in  surface  lines  may  bo  ■■stimatcd  as 
10  ti>         ct  the  total  losses  in  the  drill  rods,  core  barrels  and 
bits,  lind  drill  :ad-hole  wall  annulus.   With  total  head  loss 
and  voluaieirtc  discharge  r4te  estahllshed,  the  hydraulic  power 
output  rwpilnd  from  the  pvmp  la  eaieulated  by 


(6a)     »"*oue  "  S.'ioft'^iX; 


(11) 


•'out    33.009  n-B/min/hp 

where      ^  .otal  head  loaiai  (ft  of  liquid)  and       "  denatty 

of  liquid  (lb/gal). 

The  efficiency  of  moat  positive  displacem<'nt  duplex  piston 
pumps  uaed  tot  rotary  and  diamond  drtlllng  is  approKunatcly 
es«,  dwralon 


Hhpj^  -  »•»  "hPout 


(12) 


Rn  = 


DbVA 


for  circular  sect. 


&  (or  noaclfCttlar  aaet. 


(7a) 


(7b) 


VIsooaity  may  ba  oonvattad  from  kinamatle  to  abaohita  by 


up 


(6) 
-4 


For  conversion  to  English  engineering  units  (ie=(ixb.7x  lu 

Wlien  Rn  has  been  octalned,  *A)  ol  »/D^.  (relative  rough- 
ness) is  required  to  enter  o  standard  hydraulic  friction  factor 
diagram  (CRANE  A -24)  for  f .    Tor  the  surface  of  most  drill  rod 
and  drill  pipe,  c/D       10"^  to  10"^.    For  the  annular  flow 
betwcL!,  drill  string  and  the  rougher  hole  wall,  the  hlg.^esl 
c/D  :iv>il:iijl-v  on  the  friction  factor  chart  im  used,  (asuaUy 
i       ij.Li'j).    Tne  value  of  f  Is  obtained  I '  r  b'  lr.  h.ci.r  w.i;;  and 
drill  suing  surfat-e!;  .ind  weighted  .iccfrrit-.g  in  the  ratio  of  the 
area  ol  rough  6...rl..v:.-  tu  thr  iri  i  ■>!  STiC  Tth  surfiicc.  Hughes 
suggests  a  (weighted  ?)  f     O.S  for  the  annular  flow  In  oil 
field  holes;  however,  diamond  drtU holoa,  particularly  In  hard 

rocks,  are  much  smoother. 

Head  losses  may  now  be  obtained  for  all  of  the  circular  and 
annular  sections.  Tor  bead  losses  dlivctly  In  psl  using  dlesel 
ftial  (apacitte  gravity  ■  O.RIS): 


(9a) 


(9U 


or 

De2g 

However,  Crane  suggests  that  when  the  width  of  the  annulus 

becomes  very  small  and  How  bocomas  laminar  (as  it  does  with 
diamond  drill  wire  line  rods) ,  HR  la  than  the  width  of  the 

annulus;  thus,  for  sbmII  annuli 

D  =  Ha^ 

e  2 

At  the  couplings  oi  diamond  drill  rods,  where  tha  inaida 
dlamaiar  is  abruptly  reduced  and  where  the  tool  Joint  oi  oil 
field  type  drill  pipe  coaatrleta  tha  ophole  annular  flow,  then 
will  be  appraelabla  eneigy  leaaaa  due  to  the  abrupt  eonstrte- 
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NOTATION 

A  area  of  flow  cross  section  (sq  ft) 

Cpa       sfccific  heat  of  comp>ro3sed  air  (Btu/lb/'F  or  cal/g/°C) 

Cp^j      Sf«clflc  heal  of  dlesel  fuel  (Btu/li)/°F  or  i:al/g/*0 

D  dla.  of  circular  cross  section  of  flow  (It) 

Df.         equlvaleti;  dla,  (:m  ii  nritru  lu  crT.j'j  jcciiona  (f0 

Dt         tr-slde  dla.  or  smaller  -iu.  :.:   ir.nulus  (ft) 

Oq         outEime  dla.  or  larger  Jij.  of  j;.iij1us  (ft) 

GPM      .  T'luxi  ti  ic  dlschaxq---  tai-j  (q.U/'min) 

Hhpj^^    i-u.T  ..  ilMft  input  (hpl 

Hhp      puni:-'  i   v.<!t  Dutput  (hydraulic  hp) 

H|^        U\r:u  II  head  loss  (ft  of  liquid) 

K  re'iisioncc  cc'clficiont 

L  length  of  flow  path  (ft) 

P  wetted  perimeter  (ft) 

required  mnas  (low  rate  compressed  air  (Ib/min) 

required  mass  How  rale  die  sol  fuel  (Ui/mln) 
R^         refrigeration  requirements  external  to  fluid 

(tons  or  appropriate  energy  rate  unit) 
Rj         refrigeration  requirements  internal  to  fluid 

(tons  or  appropriate  energy  rate  unit) 
Rn       RaynoM'a  numfaar  (dlmenalonlaaa) 

Rt       total  refrigeration  roqulred  (tons  or  appraprlale  enei^y 
rata  unlO 

V        velocity  of  drIUtng  fluid  (ft/min) 
a        area  of  flow  cross  section  (sq  In.) 
f         fricuon  factor  (dlmenslontes^ 
g        aeeelaratlOA  of  gravity  (22  tl/Mch 
t        absolute  roughness  {tA>  -  rslatlve  roughnaaa  or  ratio 
of  sise  of  Inagularltlas  to  dla.) 
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(metric)  absolute  viscosity 

(English}  absolute  viscosity  (ib/ft-Mc) 

kinenMtlc  viscosity  (sq  cm/sec) 

(metric)  fluid  density  (g/cc) 

density  of  fluid  (Ib/cu  ft) 

danalty  of  fluid  (Ib/gaQ 


REFERENCES 

[1]   Peter  C.  Bremmer.    "Diamond  Drilling  In  Permafrost  .11 
Resolute  Bay,  NWT.,"  Publ.  Doml:ilor,  Obs.,  Ottawa,  Wy% . 
[2]  J.  A.  Pihlainen,  G.  II.  Jotinstor..    "PermafroBt  Investiga- 
tions at  Aklavlk:    1953,"  Tech.  Paper  16,  N.-ill.  Res.  Coun., 
Can.,  19&4. 

[3]  M.  ).  Hvorslev,  T.  B.  Goode.  "Core  OrllUng  In  Frosm 
Grxjund,-  Tech.  Rept.  3-534.  Corps  Engn.  Vtttmny'a  Bxptl. 
Station,  Vlckcburg,  Miss.,  Ian.  1960. 

[4]  R.  I.  E.  Brown.  "The  Distribution  of  Permafrost  and  Its 
Relation  to  Air  Temperature  In  Canada  and  the  USSR,"  Arctic, 
Vol.  13,  Sept.  1960. 

[5]  I.E.  McCoy,   "Exploration  for  Ponnafrost  at  Fort 
Churchill,-  Spec.  Rept.  No.  46.  unpubl.  MS.,  CRREL. 
[6]  B.  L.  Hansen.   "Instrumentation  for  Temperature  Meas- 
urements In  Permafrost,  -  In  this  volume. 
t7j  A.  H.  Lachenbruch,  G,  W.  Greene,  B.  V.  Marshall. 
"Fittaiatrost  and  Geothermal  Regime , '  Bloenvlronmental  Fea- 
tures of  the  Qqotoruk  CreeltArea.  Cape  Thompson.  Alaska. 
In  press. 

[•j  O.  R.  Lanffe,  T.  K.  Smith.  'Exploration  Drilling  and 
Certog  «id  AntlyaU  of  Frosen  Coras,"  ibid. 

Xbm  lOllawliia  manuals  and  handbooks  were  found  useful  in 
tta  IqtlrMiliG  wbA  r«fri««railon  calculsUons: 

"""**"  BnWT IMlBllI^ Htodbook.  IMl.  PstaMT  Publications, 
riflw  of  PlaM«  Ttemttfi  V>K*»  -  «ttl«»e  ^  Pie..,  CrOM  Co. 
iMh.  Papar  No.  4)0. 

Huthaa  Ttool  Co.,  Bull.  No.  1-B  '*Bydraullea  in  Rotary 
DrUUnfl.* 

mum  Mid  to-te.  CMMwm  HuAaulki  Data.  tnoaraoU  -  tend 
Ce,<  MSI. 

ttHmllriti  Com  TMX  MaauteaturlBa  Aaaa.. 

■uU.Nd.  2. 

Sana  of  Canada. 


DISCUSSIONS 

GEORGE  L.  GATES-Lange's  papar  !■  an  Important  addlttdn  to 
the  meager  literature  on  mattaoda  of  drtlUng  and  coring  In  par- 
cnafrost.  The  search  for  petrolaua  In  Alaska  alio  has  raauUad 
In  a  background  of  Information  on  drilling  and  coring  la  panaa- 
(rost .  During  1944-1953,  eleven  wells  were  drIUad  on  tbe 
U.T.in-.  suuc-.ure  In  U.S.  Naval  Petroleum  Rasarvo  No.  4  In  the 
Arctic  Clrclij .  Working  In  cooperation  with  the  U.S.  Navy, 
thi  ■■  .S  .  oi  I  logical  Survey  and  the  Federal  Bureau  of  Mines 
have  puD.iahcd  reports  1  1,  L,  3]  on  the  technology  of  drilling 
and  corir.g  Ir,  jicrnialros!  using  rotary  and  cable  tools  and  sev- 
eral dlfieror.i  drilling  fluids —Including  water-base  mud,  crude 
oil,  and  oil-base  mud. 

The  purjjose  of  those  coring  CitTations  Wtis  to  obtain  tho 
properties  nl  the  ;)i.!:roleura  resl^■v  ;ir  -  _  ck— pardculirly  tho  oil 
and  wAier  conlont.   Although  thoy  wore  not  frozen,  the  ceres 
wery  quickly  •ATjpp'cd  In  aluminum  foil,  placed  In  cans,  cov- 
ered with  pjratlln,  and  sealed.    Later  the  cans  were  opened  in 
the  laboratory,  and  the  cores  were  analyzed  for  the  oil  and 
water  content,  porosity,  and  permeabilities  to  several  fluids. 
A  tracer  was  added  to  the  oil-base  drilling  fluid,  and  analysis 
of  the  oil  extracted  from  tho  core  samples  showed  that  an 
average  of  3%  of  the  pore  space  was  filled  with  oil  filtrate 
frora  the  drilling  fluid.  Study  of  the  cores  showed  a  decrease 
In  permeability  with  contact  with  water  and  brine,  and  also 
with  a  lowsrlng  of  ifaa  temparatura.  Walls  oomplalad  with  oU- 


basa  drilling  (kiids  were  more  pcodnetiwa  ttan  Iboaa  cenplalad 
Widl  water  or  brine  In  the  hole . 

Raports  show  that  petroleum  waa  pcoduoed  froa  pataateat 
in  Russia  and  Canada  also. 

'  problem  that  requires  knowledge  o(  propartias  of 
igraund  la  the  underground  storage  of  liquafiad  patralaina 
9aaa8.  Thaaa  Uqulds  have  been  successfully  storad  undar- 
9mmd  at  a  laavaralura  of  -2S9°r  [4,  S]  tor  uaa  during 
padoda  o(  paak  damaad. 
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JERRY  BROWN  and  PAUL  SELLMANN— Occasionally  specialized 
field  Investigations  require  chemically  clean  techniques  for 
obtaining  frozen  core  samples.  As  an  addition  to  the  papt-r  by 
Lange,  we  would  like  lo  describe  briefly  the  equipment  used 
at  Earrow,  Alaska,  in  1  963  to  obtain  physically  and  chemi- 
cally undisturbed  frozen  soli  samples.   The  (iuid  used  was 
compressed  air.   It  was  cooled  In  an  alr-to-alr  aftercooler 
which  took  advantage  of  the  cold  atr.blenl  temperatures. 
Coring  was  feasible  to  amblents  slightly  below  freezing.  A 
small  pKi.rtable  dri;i  rig  (Concore  AS  Junior),  similar  to  the  ona 
shown  In  the  movie  ■■Building  In  the  North,"  was  employed. 
I;  w,j  s  rr.c  iji.ted  on  a  one  ton  sled  and  pulled  with  a  weasel 
which  provided  maximum  stability  and  mobility.   A  single- 
wall  core  barrel,  commonly  used  In  concrete  coring,  and  a 
renK>vabl«  tungsten  carbide,  saw  tooth  (Wyr-lnk)  bll  was 
ust^d  .    Removal  of  the  cuttings  wa.-:  (ocllltated  by  Increasl.-.g 
the  outside  annulua  of  the  standtird  bit  tn  ! /R  i.i.   A  total  of 
300  ft  of  2-1/2  in.  dia.  cure  was  obt-iur  od  frox  the  frozen, 
saturated,  and  supersaturated  slits  and  ice-wedge  ice.  Dally 
sharpening  and  occasional  replacement  of  the  carbide  tips 
were  required.   Tho  coring  was  confined  to  the  upper  5  ft  of 
parmefrost . 

This  oorlng  method,  which  employs  naturally  refrlgaratad 
oomprossad  air  is  recommended  when  ehamically  uncontaml- 
nated  cores  are  required.  It  Is  further  suggastad  that  such 
oorlng  be  reserved,  whenever  possible,  for  spring  whan  ( 
and  air  tanparalutei  are  iufttoiantly  low  to  pnvant  owlttag 
divtoB  and  aflar  itaa  eotlav  I 


CLOSORK 

I  would  like  to  thank  Gates  (for  one  dlscusslorj  and  Brown  and 
Sellr:iann  (another  discussion)  for  their  valuable  expansion  of 
the  subject  matter  of  my  paper.    I:  ih  I:  n'l  i!  nfgrcttable  that 
the  petroleum  industry  was  not  better  represented  at  the  con- 
ference, because.  Judging  by  Gates'  discussion,  thay  OOUM 
have  contrlijuled  substantially  to  our  knowledge. 

The  IciJlowlr.g  remarks  wore  written  witJi  the  [Toblems  of 
subiiurlace  i-xploratlon  for  (civil)  engineering  projects  In  mind; 
however  Gates  remarks  suggest  thai  they  might  also  apply  to 
certain  aspects  of  tlie  petroleum  Industry,  such  as  recovery 
techniques  and  otiier  problems  of  reservoir  engineering. 

Several  papers  in  Uils  saaaion  dascrilia  tha  aort  of  aubsur- 
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fac«  •xploraticn  proqron  that  is  olton  required  by  an  engineer- 
ing project  o(  any  im;  nrt jti  ■<■  m  .ircAs  underlain  by  permairost. 
In  thes'-  cases,  the  timo  jllowfd  to  gather  the  rofjulrcd  Infor- 
mation has  txc  n  hmit'.d  either  by  the  construction  schedule  or 
the  snort  ti-  ld  sojson.   Funds  (synonomous  with  personnel  and 
equipment)  have  also  been  limited,  since  It  Is  good  engineer- 
ing practice  to  allow  only  a  certain  fraction  o{  the  estimated 
design  costs  for  exploration.  These  papers  describe  efficient 
BMana  of  gathering  the  req^jlred  Information  for  design,  .^ir.d 
th«  •ntineer  who  Is  r«sponsibto  lor  lb*  design  «nd  siting  of 
atnietuns  on  permafrost  is  well  advised  to  study  these  papers 
when  planning  bis  subsurface  exploration  program . 

HowevWf  tha  preceding  discussions  of  Gates  and  of  Brown 
and  Sellnann  as  well  as  other  papers  In  this  session  [1,  2,  3] 
show  that  if  tine  and  n^oney  are  not  severely  limited,  much 
detailed,  accurate  Information  can  be  obtained  from  beneath 
the  surface  of  permafrost  terrain. 

Based  on  the  above  referenced  papers  and  discussions  and 
on  conversations  with  these  and  othar  Invastlgatars,  m  find 
tlMt  tlM  foUowinv  aubsivf aoe  explocaUon  oaipabtUttss  an  now 
titaHUUti 

1.  Holas  nay  ba  drlUsd  and  irosan  eetas  nay  ba  taken  at 
any  tJina  of  yvar  to  a  daptb  sufflolent  to  panalFal*  ttiy  raportad 
thieknass  of  paoMfroflt  In  North  Ainerlett.  U  Om  dapth- 
tanparatur*  r*lattenMdp  ta  knoum  or  can  ba  •Mtawiad  (ibis 
can  be  deteralned  from  a  pcalmtnary  bole  boa  vrttioh  no  eora 
is  taken),  the  drilling  fluid  temperature  can  be  adjusted  to 
causa  a  tharaul  dtatinbanoa  to  ibe  oot*  of  no  gvaalar  ttian 
*1.0*C. 

2.  Use  of  ratrlgaraiad  fluid  n&aen  thatmal  dlsturbaaoe  to 
tha  hole  wall  so  that  •dutllbrtum  ground  tanparatims  are 
raaehad  a  short  tlnw  afler  tba  oeasation  of  MUing  and  the 
installation  of  a  thamtslor  oable. 

3.  Ftanan  occas  taken  la  Oils  «wy  can  ba  siorad  at  tha  alls 
of  drilling  bi  portable  Craaiars.  aodlflad  lo  eyela  oivar  a  nar- 
fow  tanparatur*  tauft,  and  adjuslad  to  Mw  appropriate  greuiid 
isnparatura ,  Equlpaant  for  on  altm  storage  of  this  sort  la 
ivhittwiy  Inexpensive  and  r«quii»s  ooly  a  depandabls  souroa 
of  alaclrtoal  powsr. 

It  Is  hlgh^  daairabla  to  perforai  labowtocy  wwk  on  cores  of 
frosan  rock  and  sell  as  soon  as  possible  after  obtaining  iham, 

since  apprecldblr-  losses  of  both  the  liriuld  ^ind  sollri  phases 
of  wotor  in  the  s.jmFlr  will  r-sjlt  from  evaporation  during 
r;t-jroT_'  jt  ony  tenF'_-rat'u:ro _ '  ^.  below  the  troezlr.q  point. 
V.'n  -ijr's  nDt  re-djce  the  tei7ii-'_ra;ure  of  the  sam^j^e  be.ow  Its 
original  ^rojnd  temperature  for  fear  of  tmiuclng  Lirovet :;lbte 
cnanges  i:,  tJic  Icij  coiiteTii  or  ph-^.st;  co.Tjpdullldn  ut  ihv  !idn;pl« 
water,   Wc  can  only  mlr.t:nlz>;  Ihi  ji'  rv.jporjtivr  ;Q55e5  jnd 
hystert!Sl$-lilcc  changes  uy  iHTlormlnr;  .jr.a^yscs  js  soon  os 
possible  after  the  sjinplc  is  '.jkLT  from  the  borehole.   By  using 
portable  "walk-in"  rtfrlgeraitirs,  .i  tjuod  n!  the  .analytic 

Work  r:<;uld  be  accompllshod  at  the  driUlnq  situ,  \hus  reducing 
Iho  tiirii-  nvollabln  for  evaporative  losses  and  the  cost  of 
rofrigcrjti  J  transport  to  permanent  laboratory  facilities. 
Important  tests  that  could  be  done  In  this  manner  are:  Density, 
phase  composltlor.  of  the  water,  total  water  oontent,  ami 
dynamic  elastic  properties.   Cither  ti'uty  in  whith  duloy  wcaild 
cause  error  could  .I'.so  be  ria  In  the  field. 

II  the  faclUttcs  of  permanent  refrigerated  laboratories  are 
rcjjircd,  samples  may  be  flown  to  the  laboratacy  in  appro- 
priate insulated  containers.  While  we  tiave  not  yet  accom- 


pllshod cither  core  storage  and  transport  tc  such  close 
temperature  tolerances  (ILO^C),  or  analysis  of  frozen  core 
at  the  drilling  site,  there  Is  no  reason  why  they  cannot  ba 
accomplUht^d,  nor  should  they  be  outrageously  expensive. 

4.  The  temperature  In  a  borehole  may  be  measured  With  a 
precision  of  s0.02''C  at  <iny  depths  required  in  permafrost. 
Hansen  describes  the  Inslrumontation  required  i'l]. 

5.  Barnes  [1]  demonstrated  bow  the  upper  surfac«  of  per- 
mafrost may  be  described  with  oansldereU>k'  accuracy.  His 
excellent  review  also  suggests  Ibat  other  useful  properties  of 
Ota  peroiaiftast  swy  be  SMasured  In  place  by  gaophysloat 
methods . 

While  information  of  itals  degree  of  precision  la  not  gener- 
ally required  for  most  engineering  projects,  there  are  special 
casps  where  the  extra  expense  of  exploration  with  precisian 
maybe  justified— in  fact,  required.  Gates',  Brown's,  and 
Sellmana's  discussions  illustrate  some  of  tbasa  oasas. 

If  WB  oonMniplaia  die  founding  of  a  vary  haavy,  expensive, 
or  important  aliucturv  upon  permanently  fronn  rocks  or  soils, 
we  probably  aust  ba  prapmd  to  usa  nil  or  some  of  tha  tacb- 
nlquns  daacrlfaotf  above.  Tha  prapoiod  senstnietlon  ol  Raapait 
Dam  on  ifaa  Ytakon  Mvar  may  vary  wall  baeoma  a  oaaa  la  pobit. 
A  tborougta  knowledge  of  tba  dlstrlbwtbm  and  mode  of  oocur- 
renee  of  lea  and  fca«  waiar  In  the  parmaftost  bodro^  and  soUa 
both  at  di0  dam  sltn  proper  and  near  the  sbora  Una  of  tba  m- 
poaad  raaarvoir  wilt  ba  ftodaaanUl  to  tha  final  design. 

Anolliar  aian  where  prsdae  axploratlen  has  alrsady  prowan 
to  be  waluablB  Is  In  basic  Investigation  of  pamalmat  as  « 
geologto  phonomenon.  Ibis  point  Is  wall  Ubutratad  by  tba 
prooeding  dlseuaslons.  tachanbiudi  at  al  [4]  and  the 
author  [S]  bavo  raportad  efforts  hi  this  ragaid  at  Piojaot 
Chariot.  If  Antarctic  and  Greenland  icecaps  may  be  defined 
as  pormafroBt,  a  large  scale  pradsa  aubaurfaoe  axptoratlan 
program  was  carried  out  during  th*  KY.  This  program  In  cna- 
tlnnlng,  with  greater  praclston  and  fur  deeper  penetrations  of 
tfao  loaeaps.  In  fact,  soma  of  tha  agulpment.  instruments, 
and  nathods  that  wa  have  only  recently  begun  to  apply  w  tba 
subsurface  exploration  of  permafrost  Win  original^ dovaloyod 
for  tha  IGY  program .  It  appears  quite  laasonabla  that  caraftil, 
pradsa  subsurfboa  axplemtifln  in  aalaetad  panaafrest  toon- 
tlons  could  shad  aona  Ught  on  guaMlens  of  gaologio  import, 
auch  as  tba  dato  of  tha  onsat  of  parmaCmat  and  tha  aiagnltiide 
(rf  the  climatic  cdiange  that  caused  It .  lachentarudi'a  aaatan- 
sive  work  at  Barrow  and  Chariot  demonstrates  the  pOCenUsl  of 
these  OMthods  when  applied  to  geologic  research. 
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AIRPHOTO  INTBtPRETATION  APPLIED  TO  ROAD  SELECTION  IN  THE  ARCTIC 
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Cn0im«rlng  Intarpratatlon  of  ttrrsln  conditions  (lom  airphotoi 
It  particularly  important  in  noctharn  raglons  bacauie  tarrain 
napa  datallad  anough  to  Intalllgantly  salact  routaa  and  aitas 
do  not  axist.  Moraovar.  efflea  abpiiMo  studias  can  ba  uaod 
to  axploit  the  North's  short  SMMMI  let  flald  wotk. 

Tachnlquas  of  airphoto  intarpratation  and  tiialr  appUcatioa 
to  molnaailno  studies  In  tampecstum  cUwites  m  well  docu- 
nentad.  They  can  also  be  applied  to  northein  raglons*  to  • 
large  extent,  any  Inability  to  fully  apply  these  techniques 
artms  fnm  vapt  In  otv  understandliiB  of  nonhem  tetnla 
phenoiMm. 

The  IdMillfleMlM  and  otappliig  of  tsiralii  infooBatloa  ti 
iBraluabla  to  mftham  •ngUMCiliiig;  and  Its  appraisal  far 
eBOinMMnff  pufpoaea  must  keep  pam. 


THB  PROIECT 

lha  aabaatoa  pnjaot  ot  Munay  Mining  Oofp. ,  Ltd. » la  leeatad 
at  Aabaatoa  Hill  In  tba  noctharn  tip  of  thigava  Pianlnaula 
(Fig.  I) .  It  la  altuatad  apgnmlmataly  30  aulas  aouthaast  of 
Daeaptlon  Bay  on  Hudson  Stmt.  Iba  Saklano  vlUaga  of  augluk, 
60  ouiaa  to  tha  nonlMvat.  la  tha  naaraat  point  of  habitation! 
tha  naanM  land  baaaa  aw  loeatad  at  Ftobishar  Bay  and  Foit 
GMsM,  240  and  340  air  mUaa.  lespeetlvely. 

The  piopoaad  aabaatoa  davatopnant  la  among  tha  lanaat 
oonaldarad  In  tha  Canadian  nofth.  It  Inoludas  a  dock  tor 
10,000  ton  ftalolitora;  harbor  fscilltias  for  a  9  smith  store  of 
null  i^eduets  (l.a. .  70,000  tons  or  1 ,400,000  bags  of  aabaa- 
toi);  a  40  mUa  toad  feom  dock  to  ndas  site:  an  asbastoa  pn- 
duetlen  plant  to  mine  and  pmeaas  3000  tons  a  day  of  aabaatoa 
ore,  Hifli  a  provlBlon  to  expaad  to  5000  tons  a  day!  a  townalta 
aooasHWdaUng  ov«r  1000  %MMkars  and  lhair  dapandanla;  and. 
odiar  anclUaiy  facUltlas,  such  as  an  airstrip  and  a  aurfaoa- 
atorage  reseivoir. 

WbUe  airphoto  interpretation  was  used  in  the  preliminary 
atudy  of  the  dock,  mill,  town,  and  airstrip  sites,  this  paper 
daala  only  with  location  of  tha  dock-te-mlna  road. 


ENVIRONMENTAL  CONnmONS 

The  project  area  is  situated  in  2  bolt  of  sedimentary  and  vol- 
canic Pre-Cambrian  rocks  approx[riit!!lv  2j  miles  wld«  that 
runs  along  the  61  si  parallel  from  Cap«  Smith  to  Cape  Wales. 
These  sedimentary  and  volcarUc  rocks  ovarlle  Still  Oldar  Prs- 
Cambriar.  acidic  qnpifi"?  and  granite. 

The  landscnpo  i;;  1  peneplalned  bedrock  upJat>d  with  an 
average  nltitude  o:  1  7vjO  ft  -■.bovp  sea  IpvpI.    This  surface  is 
occssior.ii^Jy  inter; upti-d  by  iic-cp  '.vnidirxj  c-.inyons  and  rounded 
mouritriir.  hi.ls  2000  ft  high.    U>cal  relief  frequently  oxcoods 
lUOCi  !t.   Pri;-Cambrian  bedrocks  arc  cither  exposed  or  arc 
masked  by  a  thin  veneer  ol  glacial  drift  and  disintegrating 
colluvlal  rock  detrltjs. 

Climate  is  characterized  by  a  long  cold  season  rather  than 
l>y  extremes  in  temperature.  The  estimated  mean  annual  tem- 
perature is  approximately  17"F;  summer  daily  maximum  tem- 
peratures seldom  exceeded  70  F;  annual  precipitation  is  low 
and  totals  about  14  in.  with  reported  snowlaU  avaraging  about 
6  ft.  Strong  winds  sweep  across  tha  poninsula  and  Often 
attain  velocities  of  100  mph. 

Harsh  environment  restricts  plant  growth  tO  the  more  hardy 
species:  Grasses,  sedges,  mosses,  lichens,  low  brush,  and 
Stunted  willows.    The  closest  coniferous  trees  arc  nearly 
300  miles  south.   Ir.  only  one  location,  near  the  mine  site,  has 
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Fig.  1 .  Map  showing  piojact  avaa  and  distribution  of  parma- 
ftostln  Canada 


a  small  growth  of  stunted  wUtowa  baan  obaarvad.  Naartha 
coast  one  finds  1  to  2  ft  wlUow.  alder,  and  gieund  Urch  In 
shaltwed  anvliansianta. 

CUraatle  data  and  on  alia  diilUng  experience  reveal  oon- 
tlauous  pansafioat  In  tba  projaet  area.  Obaanrattoiia  alao 
suggest  that  tha  total  daplh  of  feecan  mataiial  can  aicaad 
SOO  (tf  vUtk  a  BilnlmiaB  tampantun  of  appioidBialaly  20*  r  at 
about  100  ft. 

An  unuaual  eocuRwica  of  parmaflpst  was  observed  under  the 
waters  of  Daeaptlon  lay.  Umltad  observauons  here  suggest 
nndom,  apocadle  rsmnaats  of  paneaftost.  In  one  near  shore 
boMhola,  Mllad  approximately  ISO  ft  out  from  low  tide  shore* 
Una,  an  aatlmaiad  20  ft  of  perennially  frozen  sUty  sand  is 
overlain  by  17  ft  of  eoarse- grained  materials.  1 6  ft  of  sllty 
clay  and,  finally.  30  ft  of  ocean  water. 

bithe  project  area  the  maximum  seasonal  depth  of  thaw, 
coansonly  known  as  the  "active  layer,"  is  about  S  ft.  This 
S  ft  thick  active  layer  occurs  in  exposed  south- faclt^  granu- 
lar matarlala  that  are  wall  drained  with  essentially  no  organic 
cover.  An  active  layer  2  ft  deep  can  be  expected  In  poorly 
drained,  north-facing  exposuies  underlaid  by  fine-grained 
raaterlalt  occurring  beiteath  organic  cover.   Variations  in 
exposure,  surficial  materials,  drainage,  and  organic  cover 
result  in  active-layer  depths  that  range  between  these  two 
entramaa. 

OBJECnVBS  OP  THE  mniAL  AIWHOTO  STViJY 

Bclorr-  fifi:!  work  ix-y-jn.  .jn  Inr.iol  office  airphoto  interpreta- 
'.ion  w.i-;  m.rii'  u?in'j  high- level  photography  (1  in.  =  3333  ft). 
Otijfr  uvos  wore  to:    l.i)  i:stablish  a  provisional  classification 
of  the  terrain  according  to  factors  believed  to  significantly 
affect  road  location;  (b)  locate  the  most  likely  route  as  wall 
as  "competitive"  alternative  sections  of  routes  in  certain 
areas;  (c)  tentatively  map  and  evaluate  terrain  conditions 
detectable  in  airphotos  covering  a  t>and  several  miles  wide, 
commencing  at  the  proposed  asbestos  mine  site  and  ending  at 
the  dock  site  some  40  miles  away:  (d)  map  granular  materials 
arvd  make  tentative  predictions  regarding  their  probable  com- 
position and  condition:  (e)  comment  on  terrain  conditions  and 
their  engineering  implications  at  pnvloualy  aalaelad  doefc, 
mill,  town,  and  airstrip  sites. 
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OrriCE  STUDY  OF  AIRPHOTOS 
Scale  oi  1  in.  -  3333  tt 

Before  siamrvg  to  map  terrain  types  the  airphoto  Interpreter 
should  become  familiar  with  the  variety,  origin,  llkoly  com- 
position, and  condition  of  near-surtace  materials  occurring 
In  the  region.  Accordingly,  high-level  airphotos  showing  a 
wide  region  between  the  proposed  mine  and  dock  sites  were 
scanned  stereoscopically.   This  study  was  made  before  the 
photographs  were  annotated.    It  was  anticipated  that  obser- 
vation of  continuous  permafrost  effects  In  localities  remote 
from  favore>j  routes  might  provide  diagnostic  clues  to  the 
origin,  composition,  and  condition  of  surficlal  materials 
along  selected  routes. 

The  next  step  was  to  classify  and  evaluate  the  raiige  and 
rolotivc  importance  of  terrain  features  occurring  In  the  area. 
Hence,  an  initial  provisional  route  was  selected  and  then 
restudied  to  Improve  certain  sections  of  the  original  location. 

Alternate  route  segments  were  marked  where  terrain  conditions 
along  two  or  more  competitive-looking  linos  appeared  about  the 
same-   The  tcrrotn  was  then  typed  along  the  routes  and,  to 
facilitate  ficldwork.  contact  airphotos  were  appropriately 
annotated. 

Several  guidelines  were  used  in  selecting  the  routes  marked 
on  high-level  airphotos.   For  example,  attempts  were  made  to: 

t .    Locate  where  chances  of  discovering  r  jarby  granular 
material  landforms  were  good,    (Except  for  <  thin  surface  layer, 
granular  deposits  were  expected  to  be  perennially  frozen. 
Prominent  thermokarst  depre.sslons  in  some  of  the  glaciofluvial 
deposits  suggested  thick  slliy  to  tine  sandy  strata.) 

2.  Select  a  route  having  acceptable  vertical  and  horizontal 
alignment. 

3.  Select  a  route  havir>g  mirumum  over-all  length. 

4.  Avoid  actively  creeping  soUfluction  features  on  slopes, 
a  characteristic  surface  expression  of  the  region. 

5.  Avoid  locating  the  road  near  residual  snow  patches  and 
nivation  hollows,  sources  of  runoff  water  that  travel  down- 
slope,  causing  adverse  drainage  and  icing  conditions. 

6.  Avoid  steeply  sloping  corrugated  ground  where  swales 
act  as  runoff  channels  during  spring  thaws  and  after  heavy 
summer  rains. 

7.  Avoid  terrain  situations  requiring  substantial  cuts, 
6.   Avoid  deep  valleys  and  minor  depressions  likely  to 

harbor  snow  for  prolonged  periods,  thus  Increasing  maintervance 
costs. 

9.  Avoid  springs  and  wet  marshy  flats  In  lowlands  that 
might  cause  icings  to  form  across  roadways  athwart  the  path 
of  runoff. 

10.  Avoid  pronourxred  polygonal  ground  overlying  fine- 
grained, poorly  drained  surficlal  materials. 

Selections  of  first  choice  and  alternate  routes  were  based 
on  evidence  interpreted  from  high-level  airphotos.  Field 
work  followed  preliminary  office  airphoto  study.   An  attempt 
was  made  to  rule  out  less  attractive  alternate  segments  by 
visual  inspection  from  helicopter  flights  and  by  periodic 
examinations  on  the  ground.    Remaining  routes  were  to  be 
rephotographed  at  a  lower  level.   These  were  marked  on 
existing  mosaics  along  with  proposed  flight  lines.   The  new 
photos  were  taken  at  a  scale  of  about  1  in.  -  1000  (t. 

Scale  of  1  in.  =  1000  ft 

Detailed  study  of  the  terrain  airphotos  scaled  to  a  lower  level 
Involved: 

1.  Selecting  more  refined  trial  routes.   Alternate  segments 
were  again  marked  whore  the  terrain  appeared  "tough,"  and 
suitable  alternates  were  detectable  in  low- level  photos.  With 
minor  deviations,  trial  routes  followed  the  general  routes 
selected  from  study  of  high-level  airphotos.    Spot  checking 

In  the  field  resulted  In  modifications. 

2.  Selecting,  from  among  the  trial  routes,  the  best  line 
with  minimum  alternate  segments.   All  other  trial  lines  were 
erased  from  the  photos. 

3.  Marking  mileages  on  selected  route  artd  on  short 
segment  alternates. 
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4.  Examining  the  entire  route  to  determine,  classify,  and 
map  the  variety  of  terrain  types. 

5.  Reexamining  the  photos  to  delineate  terrain  types  on 
both  sides  of  the  selected  route. 

6.  Marking  terrain  boundaries  in  Ink. 

7.  LocaUr>g  additional  deposits  of  granular  material  too 
small  to  be  seen  on  the  high-level  photos.   All  gravel  pros- 
pects were  marked  on  individual  contact  photos  and  these 
were  referenced  to  the  small-scale  mosaic. 

TERRAIN  MAP  LEGEND 

Typing  of  terrain  from  airphotos  was  based  largely  on  inferred 
origin,  evolution,  and  composition  of  landforms  as  these 
attributes  affect  road  location,  design,  construction,  and 
maintenance. 

Figs.  2  to  9  reveal  terrain  types  described  below;  these 
illustrations  also  show  microfeaturcs  and  permafrost  indicators 
mapped  along  the  final  route  locations.    Figs.  10  to  15  reveal 
ground  views  taken  in  July  1961.    Symbols  and  descrlpUons  of 
terrain  types  mapped  are  given  below. 

Bedrock  Doposlls 

Rock  remnants  (R)  are  isolated  and  essentially  bare.  Slopes 
are  usually  steep,  very  rough,  and  broken.  Frost- shattered, 
angular  boulders  cover  a  highly  uneven  bedrock  surface. 

Colluvlal  Deposits  Formed  Largoiy  by  SoUfluction 

Rounded  or  flattened  summits  (9  are  surrounded  by  long, 
smooth,  uniform  slopes.    The  flattened  topographic  highs 
usually  end  at  lobate- terrace  scarps-    These  landforms  are 
also  called  "altiplanation  plateaus  and  terraces-"   They  con- 
sist of  loose  surficlal  accumulations  of  small  and  large 


Fig.  2.   Ajrphojo  shows  route  location  In  vicinity  of  Mile  2, 
Letters  are  symbols  for  terrain  conditions  described  in  the  text 
Arrows  point  to  localities  of  potential  snowdrift.   Grades  are  a 
major  conslderauon  in  road  location.   Note  distinctive  gullies 
on  terrain  D 


rig.  3.   Principal  terrain  here  Is  S.  Wher«  feasible,  the  route 
follows  the  cresis  of  smoothly  rounded  hilltops.  Drainage 
and  topography  here  arc  more  favorable  and  snow  drifting  Is 
minimized.  Potential  seepage,  runoff,  and  icing  problems  can 
be  expected  downslope  from  nlvatlon  hollows  harboring 
snowbanks 


Fig.  4.   Grade  considerations  necessitated  following  the  base 
of  this  smooth  hillside.  Three  Isolated  remnants  of  granular 
materials  were  mapped  (Cm,  see  text)  (or  field  exploration  and 
testing 


angular  blocks,  finer  rock-waste  materials,  and  rubble  drift. 
("Rubble  drift"  Is  a  coarse  agglomeration  of  ar>gular  debris  and 
large  angular  blocks  set  In  a  fine-grained  material  of  glacial 
origin— the  whole  mixture  being  greatly  affected  by  sollflucUon). 

Lobate  terraces  and  soUfluctlon  lobes  (U  are  terrace- like 
forms.   They  partly  surrourxl  extensive  streaked  sheets  of 
creeping  soUfluctlon  debris.    Frequently  found  along  lower 
slopes,  these  lobes  arc  seldom  crossed  by  wcU-deflned 
gullies  and  are  composed  of  coarse  angular  boulders  near 
scarp  faces.   Surface  detrital  materials  become  successively 
finer  and  wetter,  upslope  from  frontal  scarps,  and  consist 
partly  of  rubble  drift.   Depth  to  bedrock  may  be  several  Irtches 
to  several  feet.  Ordinarily,  slopes  on  this  terrain  type  are 


Fig.  S.   The  route  here  descends  from  the  upland  into  a  broad 
valley  partly  filled  with  sandy  glaclofluvlal  deposits.  A  small 
area  of  bedrock  Is  crossed  at  R.  Because  bedrock  Is  situated 
In  a  low-lying  area,  nearly  granular- fill  materials  (C)  can  be 
used  to  cover  the  Irregular  rock  surface.   Careful  stereoscopic 
viewing  is  required  to  differentiate  between  terrain  types  "G" 
and  "GB."  Note  the  unltorm  light  tones  and  distinctive 
channel  markings  on  this  glaclofluvlal  deposit.  Small  lakes 
marked  "1"  result  from  melting  of  large  masses  of  ground  ice 


Fig.  6.   Location  of  remnants  of  glaclofluvlal  deposits  (Gm) 
suggests  subsurface  materials  on  terrain  D  arc  sllty  to  fine 
sandy  glaclofluvlal  materials.   At  Gf,  well-defined  ice-wedge 
polygons,  are  apparent;  at  G  these  stratified  molt  water  deposits 
are  actively  eroding  (white  area) 
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rig.  7.    Cool 5  ■  Ixjjl  Jcry  composition  of  tiUuvium  can  be 
d«t«ctcd  at  "A.  "   Dcprcsscd-ccntcr  polygons  arc  rr>pres«ntod 
at  rf.    Narrow  river  crossing  at  "A"  and  favorable  approach 
cor>ditions  make  this  a  promising  bridge  site.    The  permafrost 
table  IS  expected  to  be  relatively  deep-lying  below  the  channel 
section,  owing  to  thermal  effects  of  river  water 


Fig.  9.   Area  marked  "M  "  is  situated  well  below  the  former 
ocean  strdndUnes.  That  those  deposits  ore  fine-grained 
glaclomarine  sediments  must  be  field  chocked.    Snail  white 
specks  are  boulders  moving  downslope  under  the  influence  of 
surface  runoff,  gravity,  and  frost  action.   The  fine  dark  lines 
on  the  bedrock  surface  are  fracture  lines  where  the  surflcial 
deposits  have  been  removed  by  erosion 


Tig.  8.   A  marked  chcitvju  u:  lone  and  texture  of  airphoto 
pattern  follows  the  arrows,  which  denote  <«  former  oce.in  sur- 
face (strand  lino).  Downslope  of  the  arrows  on  the  mountain- 
side (toward  Deception  Boy),  the  surflcial  matcrUls  (1)  have 
been  removed  by  wave  action.  The  bedrock  surface  Is  there- 
fore exposed  and  btjdrock  fracture  systems  are  clearly  evident. 
During  successive  lowering  of  the  ocean  level  wave  action  on 
pan  of  a  hanging  delta  (G)  has  produced  a  series  of  detectable 
wave-cut  notches.  In  this  segment  of  the  route,  main  con- 
siderations involve  avoiding  major  rock  excavation  and 
controlling  grades 

steeper  than  those  found  on  S  and  flatter  than  those  found  on  V. 

Very  bouldery  to  block- studded  solifluctlon  lobes  and 
scarps  (V)  are  usually  situated  Just  downslope  from  frost- 
rlvon  bedrock  outcrops  composed  of  large  boulders,  often 
occurring  as  lag  concentrates.   Slopes  are  relatively  steep 
and  broken.   Tossil  nlvatlon  hollows  are  a  common  rujarby 
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rig.  10.   Colluvlal  rock  detritus  Oil      .  ;  :ng  plain  located 
approximately  0.  5  mile  cast  of  th<^  1  -bi  A;.b«stos  Hill  Camp. 
The  surface  here  is  free  of  vegetation.   Common  microforms 
arc  nonsortcd  rir>gs  and  stroambod  boulders  concentrated  by 
ruix>ff.    Material  under  the  gravel- sized  rock-detritus  v*n*»r 
Is  a  sllty  gravel  containing  boulders.   (Note:  All  ground 
photos  were  taken  in  July  1961) 

feature.  These  forms  and  slopes  are  usually  much  drier  than 
those  mapped  In  L.   Bedrock  may  project  to  ground  surface: 
hence,  V  is  frequently  found  with  R. 

Detritus-mantled,  gullied  colluvial  slopes  (D)  are  indicated 
by  subparallol  drainage  on  colluvial  slopes.   Relatively  few 
large  boulders  can  be  seen  in  the  photos.   Slopes  are  moder- 
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rig.  11.   G«n«ral  view  looking  south  and  down  a  boulder-  Fig.  13.   Slumping  and  erosion  of  a  creek  bank  In  vicinity  oi 

strewn  water  course   Ground  slope  is  about  10%.  Water  Mile  22.   Colluvlal  materials  underlying  the  slightly  sloplr>g 

erosion  from  runoff  of  snow  melt  produces  these  boulder  surface  have  high  ice  contents 
"trails"  arvd  paf-hes 


Fig.  12.    Looking  north  from  a  V-notch  gully  about  1  mile 
east  of  the  1961  Asbestos  Hill  Camp.   General  view  of 
colluvlal  rock-detntus  plain.  Much  of  the  light  color  results 
from  weathered  serpentine  rock,  which  is  quickly  reduced  to 
silt  size  by  the  harsh  climate 


Fig.  14.    Portion  of  a  bell  of  coUuvlum  that  exhibits  the 
effects  of  solifluction.   The  "ruck"  In  the  solifluctlon  lobe 
outlined  by  boulders  is  caused  by  erosion  from  melting  of 
snows,  which  collect  here  in  winter 


ately  steep  to  gentle  and  usually  appear  smooth  in  alrphotos 
and  are  composed  of  rubble  drift  and  angular  boulders  set  In 
a  matrix  of  fine  grained  colluvlal  materials.    Multiple  sub- 
parallel  rills  and  larger  gullies  trend  down  the  steepest  pitch 
of  these  slopes.   These  small  watercourses,  while  fairly 
straight  regionally,  are  irregular  in  detail.  A  striated- slope 


pattern  is  therefore  developed. 


Coarse  Glaciofluvial  and  Alluvial  Deposits 

Glaclofluvial  terrace  remnant.t  and  stream-dissected  glacio- 
fluvial deposits  (G)  are  flat- topped  only  where  stream  dls- 
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rig.  15.    General  view  ol  the  glacloUuvlal  depo«lt  about  I 
mile  northwest  of  Mil*  25.   This  view  shows  approxim«tely 
200  ft  of  straufled  gray  sands  and  silts  contalmng  a  few  thin 
gravel  lenses 


section  and  mass  wasting  processes  have  not  obliterated  the 
original  constructional  topography.    Deposits  are  mainly 
remnants  of  valley  trains  (i.e. ,  valley  outwosh)  and  less 
commonly  Include  dissected  kame  terraces  and  hanging  glacial 
deltas;  they  are  composed  of  silty,  fine  to  medium  sands  with 
minor  sllty  and  gravelly  strata.   Poorly  drained  wet  depres- 
sions on  terrace  surfaces  show  polygonal-crack  patterns, 
which  are  probably  related  to  a  sllty  surflclal  veneer. 

Glaclofluvlal  deposits  studded  with  large  boulders  (GEl  are 
composed  of  coarse  gravelly  to  very  bouldery  deposits.  In 
many  localities,  stream-eroded  bedrock  occurs  at  or  near 
ground  surface.   GB  Includes  coarse  Ice-contact  deposits 
whose  original  topography  has  been  much  modified  by  erosion. 

Alluvial  Mood-plain  deposits  (A)  consist  of  bouldery, 
channel- lag  concentrates  along  the  beds  and  sides  of  roalor 
rivers  and  Intermittent  streams. 

Cones  and  fans  (O  of  alluvial  and  colluvlal  origin  are 
usually  found  at  the  base  of  sleep-gradient  tributary  streams- 
They  arc  composed  of  coarse  angular,  bouldery  materials  set 
In  a  finer  matrix. 

Flne-Gralned  Ponded.  Slopewash,  ar>d  Glaclomarlne  Deposits 

Fine-grained,  slack- water  deposits  (F)  are  situated  In  poorly 
drained,  gently  slopirtg  to  depresslonal  sites.   This  terrain 
type  1«  composed  mainly  of  sllty  and  sllty  clay  ponded  sedi- 
ments and  fine  slopewash  constituents  deposited  In  slack- 
water  environments.    F  Includes  a  veneer  of  ponded  sllty 
"backland"  deposits  on  "tilted"  glaclofluvlal  terraces.  This 
terrain  is  very  wet,  contains  organic  material,  and  unusually 
high  ice  contents.   Low-centered,  ice-wedge  polygons  are 
commonplace. 

Glaclomarlne  deposits  (M)  are  composed  of  sllty  clay 
materials  with  minor  scattered  pebbles  and  boulders.  These 
deposits  are  poorly  drained,  contain  very  high  ice  contents, 
and  are  found  mainly  near  the  dock  site. 

Predominantly  Glacial  Till  Deposits 

TUl-capped  rounded  hilltops  and  till-capped  gentle  slopes  (T) 
often  appear  as  Island- like  remnants  surrounded  by  wet  ground 
or  exposed  bedrock.   Till  Is  composed  of  silty  clay  matrix  with 
small  to  large  rock  sizes  and  appears  to  offer  relatively  better 
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drained  sites.    Small  patches  of  frost- shattered  bedrock  cart 
be  detected  where  depth  of  ull  is  shallow  or  absent.  Frost 
bolls,  sorted  rings  and  nets,  and  other  small-scale  permafrost 
microforms  appear  as  diagnostic  features  In  alrphotos. 

Permafrost-Induced  Forms  and  Conditions 

Lower-case  letters  indicate  a  variety  of  permafrost- induced 
effects.    Bolls  (b),  caused  by  an  upward  breakthrough  of 
water  and  silt  slurry  under  pressure  that  develops  a  quagmire, 
appear  as  small  white  specks  on  alrphotos.   Cave- in  slopes 
(d,  resulting  from  melting  of  ground  Ice  along  shorelines, 
occur  around  thaw  lakes  and  along  banks  of  some  streams. 
Drainage  courses  (d) ,  affected  by  permafrost,  are  character- 
ized in  photos  by  a  beaded  or  buttonhole  pattern.  Frost 
polygons  (0  ,  also  called  Ice- wedge  polygons,  may  in  air- 
photos  appear  as  dark-centered  polygons  surrourtded  by  a 
light  toned,  webllke  network  of  linos.   They  are  called  low- 
er depressed- center  polygons.   Normally  they  are  assoclatod 
with  poorly  drained  fine-grained  soils.   On  the  other  hand, 
Ught-toned  polygons  surrounded  by  a  darker  webllke  network 
usually  Indicate  high-  or  raised-center  polygons.  These 
light-toned  polygons  usually  reflect  better  drained  sites.  A 
very  coarse  polygon  pattern  suggests  coarser  (i.e.  ,  stratified 
fine  to  medium  sand)  glaclofluvlal  deposits.   In  general,  the 
smaller  the  polygon  size  the  finer  the  size  of  soil  particles 
expected.    Inferred  tundra  mudflows  (ij  ,  formed  by  a  sudden 
viscous  flow  of  slide  material  from  scarp  faces,  appear  as 
hummocky  flow-dobrls  situated  downslopc  from  a  semi- 
circular niche  in  a  scarp  face.    Lakes  (l) ,  caused  by  thaw  of 
ground  Ice,  are  also  called  thermokarsi  lakes.  Smoothly 
rounded  mass-wasting  surfaces  (m),  produced  by  solifluctlon 
and  other  colluvlal  processes,  are  easily  idenufled.  Original 
constructional  topography  is  often  nearly  obliterated  on  some 
glaclofluvlal  deposits,  and  this  expression  is  marked  "Gm"  on 
aerial  photographs. 

Nival  or  lUvatlon  hollows  (rj  appear  as  year-round  sr>ow 
patches  retained  in  niches  and  hollows.   Poorly  drained,  wet 
orgaiUc  materials  (p)  are  often  associated  with  a  permafrost 
table  near  ground  surface.    Used  as  a  subscript,  "p"  may 
occur  with  any  terrain  type  except  F.   Areos  indicated  by  "p" 
are  believed  to  contain  high  ice  contents-    They  are  often 
indicated  by  low-center.  Ice-wedge  polygons  (dark  centers 
surrounded  by  light-toned  marginal  ridges)-  Seeps  and  springs 
(s)  show  up  in  photos  as  places  where  fine  materials  have  been 
washed  away,  leaving  coarse  rubble  and  large  blocks.  Tilted 
sllty  sand  terraces  (0  occur  as  slight  depresslonal  tracts 
bock  from  the  better  drained  frontal  edge  of  terraces.  These 
lower  lying  "backlands"  are  believed  due  largely  to  degrada- 
tion of  permafrost  on  the  back  of  the  terrace-  UndlfferenUated 
small-scale  permafrost  microforms  (u)  such  as  polygonal  sur- 
face markings,  various  sorted  nets  and  ring-shaped  soil 
structures,  soil  stripes,  frost-heaved  mounds  and  pimples, 
frost  blisters,  etc. ,  are  associated  with  severe  frost  condi- 
tions. Individual  microforms  are  too  small  to  be  reliably 
differentiated  on  alrphotos  having  an  approximate  scale  o( 
1  In.  '  1000  ft. 


FIELDWORK 

After  classlfyltvg  terrain  conditions  and  selecting  a  general 
route  In  (1  in.  «  3333  ft)  alrphotos.  Initial  field  checks  were 
made.    Surface  features  shown  In  the  pictures  were  readily 
Identified  on  the  barren  landscape.    Subsurface  observations 
were  made  using  shallow  test  pits  and  probes.   Deeper  explo- 
rations were  made  at  potential  borrow  material  locations 
mapped  on  alrphotos.  These  explorations  consisted  mainly 
of  boreholes;  but  sldehiil  trenches  and  deep  test  pits  were 
also  dug. 

Assessment  of  terrain  types  and  appraisal  of  the  quality 
and  quantity  of  available  construction  materials  mapped  from 
the  photos  permitted  a  route  to  be  staked  out.   The  final  phase 
involved  making  minor  adjustments  in  vertical  end  horizontal 
alignment,  determining  the  mimmum  amount  of  fill  needed  to 
maintain  permafrost  at  or  near  ground  surface  and  Increasing 


Ccr  ■  i'-'  i  'Material 


this  (ill  wiMM  mem  drifting  Is  llkaly  to  ooow.  and  loeittng 
eulvMts  and  aldalUll  dltclMs. 


coNOLVflmia 

Airphoto  Interpretdtton  techrUquai  were  Invaluable  In  locatlfIB 
a  40  mile  rodd  in  an  Isolated  and  unmapped  area  In  the 
northern  tip  of  Ungava  Peninsula.   The  sequence  of  steps 
followed  and  airphoto  techniques  used  greatly  aided  in 
selecting  a  route  and  in  the  engineering  appraisal  of  tenaln 
In  a  oontlnuous  pannsfrost  arsa.  Flald  InvestlgaUons  won 


OfMtly  ftcUttnted  .i.-.a  t  ::i:l:l       r  jrnpd  out  QuickLly  ri'.;rlr>g  the 

short  saaaon  available  for  work.  Office  airphoto  and  field- 
wofk  tandad  la  eonplMMtt  aach  athar. 


AOCNOWUDGlinMT 

Weik  daaerifaad  in  ttta  papar  waa  dona  ior  tto  Aabaaiea  Osip. , 
ltd. ,  r.  B.  nwraton,  Pislaet  Manavar.  IMMdaal  aekaoifl* 
adgmnta  to  Urn  many  wto  paiUdpatsd  Ja  dia  piolaet  am  not 
posalUa  and  ao  our  appaaelatloa  oust  taa  raoordad  ooUaeUvalyi 
Ali|*aioa  warn  takan  by  Canadian  Aaro  Ssnrioa.  Ltd. 


PRELIMINARY  SITE  INVESTIGATION  FOR  THE  FOUNDATION  OF  STRUCTURES 
AND  PAVEMENTS  IN  PER/«»AFROST 

6.  y.  mtUtOM,  DapvtBwntnf  Ikansiiort,  Canada 


There  are  about  SO  sites  in  the  Canadian  North  where  the 
Canadian  Department  of  Transport  maintains  facilities  (or  air 
transportation  ranging  from  airports  to  telecommunications 
Stations,  navigational  aids  for  air  artd  water  transportation, 
and  weather  stations.   The  design  and  construction  o(  these 
facilities  are  the  responsibility  o{  the  Construction  Branch , 
Air  Services,  Depanment  of  Transport. 

During  the  last  two  decades  thousands  of  structures  of 
various  types  and  sizes  have  been  built  at  sites  In  tfaa 
Canadian  North,  On  tha  baala  of  this  axpartanoa.  Aa  prallml- 
'  lavaatlvatioa  and  daaign  prtnetplaa  of  tba  ConamieUon 


Branch  hove  boon  ostabhshed.  The  three  major  (actors  influ- 
encing the  ciosKin  and  construction  of  foundation  or  pavement 
structures  in  pormafrost  arena  aia  aoll.  ollBiatlc  conditions, 

atvi  construction  materials' 
SOIL  CONDITIONS 

Basic  design  principles  used  by  the  Department  o(  Transport 
(or  the  design  of  pavement  facilities  and  foundation  stnictiiras 
in  pannafrost  stibgrada  anas  ai«  dascstbad  alaawhaia  Lll. 

lot 
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LOCATION 
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Tabu  I .  Sampl*  of  data  eoUaeiad  during  1 96 1  - 1 962 


Free  King 
Index 

Thawing 
Index 

Sou  Type 
Description 

Molat. 

Oivanlc 

Max. 
Depth 

Date 

Th.iw 
Period 

flute 

lO-yr. 
*v. 

Given 
Year 

10-yr. 
Av. 

Given 
Year 

and 

Cnor.Clas* 

Content 
% 

Cover 
Type 

Thaw 
(in.) 

Max. 
Thaw 

(Cal. 
days) 

Remarks 

19(2 

S  310 

S  995 

2  412 

2  129 

Sand,  lit.  ai  It, 
lit.  gravel 

2-13 

Graaa 

>94 

Aftor 

26;  6 

12S 

Locations:  3  with 
organic  eovar 

1962  «1 
#2 

ts 

12  061 

11  852 

382 

528 

Gravel,  silt, 
clay  (GM) 
Gr^ivel,  Silt, 

&  clay  (GM) 
Gravel,  (shale). 

■tit,  &clay 

7.0 

10 

7.4 
7.4 

None  on  site 

21 

29.  7 
30.7 

7  ,'8 

1.J  ■a 

B 

1»61  « 
M 

12  S4S 

329 

PiaMM 
Nil 

20 
20.3 

I  /8 
15-8 

1962  #1 
•3 

9  3SS 

10  233 

1  SIS 

1  544 

Sand,  some 
grav.  tr.  silt, 
tr.  clay 
(SP-SM) 

Gravel  &  s»nd, 
lit.  silt  (GW 
to  SM) 

17 

10 

Barren  land 

Mosa  patctwa 
&  slaw  graaa 

90.  S 
72 

3,'9 
1  / 1 0 

f 

64 

+ 

92 

1962 

9  044 
(3-yr 
«V.) 

9  443 

B44 
{6-yr 
av.) 

1  155 

Silty  sand 

7.S- 
19 

Thin  grass 
popptoa 

>42 

28  8 

Locations:  3  show 
rock  at  42  in. 

1962  M 
*8 

9  749 

9  399 

1  321 

1  211 

S^nd,  line  to 
med.  <SP) 

S.irjd  .  fine  to 
coarse  iSP) 

25 

16.5 

Moss:  3  in. 
over  2  in. 
daeayadnuttar 

Barren  ariaa 

18 

43.7 

1  B  9 
1  1 

47 

71 

Srvow: 

1960-12  in. 

1961  -22  in. 

1962-48  (Max.) 
.V.T.  29  In. 

1992  «1 
•2 

9  992 

9  749 

1  362 

1  609 

Sand 

Sllty  aand 

Ihln  graaa 

Daeayad  gmaa 

dense  grass 
4  In. 

43 

33 

28/ B 
28  'fi 

7S 

75 

Snow  =  1-3  ft 

Water  Table 
(W.TJ  34  in.  (24  hr) 

w.T.  lem.  (24M 

1961  #1 
«2B 

8  882 

9  788 

1  362 

1  657 

Fine  sand  to 
clay  (SM  t^CU 

Sand  to  itnc 
fltavel 

Moss:  4-6  in. 

53 
63 

16/9 
2/9 

1992  M 
«B 
«C 

■  992 

1  175 

1  U6B 

Orav.,  aoBM 
■and,  tr.  aUt 
(OWtoOM) 

Grav..  aonto 
aand,  tr.  allt 
(GP-6M 

Grav.,  aooM 
■and,  tr.  aUt 
«Sr-(SM)(aMM 

06 
09 
00 

Barren  land 

S^araa  aerub 
graaa 

Sorab  graaa, 
flowers, 
willows 

41.7 

90 

49.3 

4/9 
28/8 
28  8 

77* 

78 
78 

1992 

6  49S 

7  992 

3  211 

3  097 

Gravel,  some 
sand 

Trees,  shrubs 
grass 

>84 

1 1  /5 

Locations!  3 

1962*1 
#2 

a  osi 

9    A  fm 

A    mf  f 

2    0  3  1 1 

Washed  sand 

Sand  tr.  silt 

Veil 

(SP-SM) 

03 

25 

Barren 

Decayed 

matter  8  in. 

76.3 
44 

25/9 
18/9 

1962  91 
« 
•3 

13  322 

701 

848 

Silty  clay,  tr. 

sand  (CL) 
Silty  clay.  tr. 

sand  (CL) 
Silty  clay, 

tr.  aand 

30 
23 
28 

Scottcrcd  wheat, 
goose  grass 
Removed 

Removed 

26 
26 

29.7 

lS/9 
15/9 
7/8 

71 

Typical  snow 
dapd),  10  In. 

1961  n 
n 

13  322 

13  139 

701 

484 

>24 

>25.7 

29/8 
29/8 

78* 
78' 

399 
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Tabte  !•  (eominiMf0 


Freezing 

Thawing 

Soil  Typo 

Max. 

Thaw 

Index 

In^ex 

Do?rrlpnon 

Moist. 

Organic 

Depth 

Date 

Period 

10- yr. 

Given 

10- yr. 

Giver. 

1  r.  j 

Content 

Cover 

Th.iw 

Max. 

(Cal. 

aw 

Av. 

Av. 

Ye,ir 

Engr.  Closs 

% 

Typo 

(in.) 

Th,iw 

Rcm.irks 

IvvZ  VI 

S   i  1 

5  263 

2  122 

2  221 

70 

I  c   '  o 

Tyj  .1  ,1.  'irKT.s' 

gr^i55 ,  1  - 2  in- 

depth:  1 2  in. 

92 

S^rxj,  damp 

13-10 

Patchos  of 

■70 

2  /  9 

w.T.  13.0  fO 

(SM) 

9rdss 

♦  3 

Nil 

>70 

3/9 

1962  #1 

7  840 

8  1 66 

2  908 

2  986 

Sand-clay 

Caribou.  6- 

>72 

10/7 

Typical  snow  4  ft 

8  In. .  raoaa 

W.T.  20  in.. 

(24  bll 

#2 

Clay,  MdM  tilt 

Lawn 

>72 

1/7 

6  V'  A  0 

0  019 

3  476 

3  471 

Oil  A 

Slit,  clay 

2  b  6 

Typical  3rx>w 

8-12  in. 

30-4U  in. 

#3 

1962  «A 

7 

6  449 

1  262 

1  020 

Sand,  gravel 

3.2- 

Nil 

26.3 

11/9 

_* 
92 

Typical  snow 

I  Z.  9 

24  in. 

Sand,  tr«  silttr. 

1  o.  0 

Nil 

49 

I  a/ 9 

ss 

tr«v«l  (SM) 

4c 

Sand.  It.  Hilt 

8.3- 

Moa  a .  Liehan 

vi^^B  D  f  Ana  WHO  *a 

40,7 

18/9 

99* 

(SP) 

38.4 

1961  •  1 

7  04  3 

7  64'1 

1  262 

i  246 

i>(i r.u ,  tr .  silt 

4.0- 

4  6 

1  1  y 

*2 

Sand,  silt 

12.3 

SO 

11/9 

I8M,MU 

I96t  «l 

9  790 

10  282 

742 

784 

Built-up  flrawl 

Nil 

>44 

18/9 

Typical  snow 

(3-yr 

(5-yr 

•round  aif 

6*  40  in. 

av.) 

....  I 
av.l 

strip 

1 8/9 

nalunl  tundra 

Gravel  pad 

Nil 

>5v.  0 

18/9 

nil'" 

4  tl  di^iip 

1961  #1 

5  790 

710 

braval  ibr) 

J  in. 

1 3  t? 

U-yr 

av. ) 

Gravnl .  tr.  silt 

3.5 

1  a  /  D 

(GP-GMJ 

I»62  41 

S  S4B 

6  737 

3  171 

3  131 

sat,  clay  (ML) 

37.7- 

Dens*  grata. 

>62 

19/7 

Typical  snow  3  ft 

46.3 

trees 

«2 

OL  for  3  ft  to 

36.3- 

Topsoil,  decay- 

>62 

10/7 

.*illt,  sorr.f*  cKiy 

HQ  O 

fly  .  7 

ing  matter 

w3 

Oil.               1      ,  .  1  %  £  1 

.Silt,  cl.iy  (ML. 

1 1 . 0- 

Scatlarad  grata 

10  7 

CU  to  i  It , 

then  sand, 

some  silt  tSM) 

1962  #1 

8  t86 

8  777 

2  252 

2  324 

Over  20  in. 

Decay  matter 

IB 

3/10 

127' 

Typical  snow 

2  In. 

25  In. 

LJver  in. 

4  50 . 0 

b- 10  in.  moss , 

1  b 

/D  /  V 

I  /  / 

Troas  shading 

org.*,  nic 

lid&on 

test  ■rsa 

#3 

Over  20  in. 

6  in.  moaa 

>25 

17/lU 

127' 

SwsBipy  sraa 

organic 

lichen,  2  In. 

decay  matter 

1961  »1 

9  223 

2  252 

6.|n.  aioaa 

>M 

29  9 

w.T.  varyhlOh 

Oiganic 

Cleared 

20 

1  5  ■  9 

w .  T.  very  tuvt 

1962  #A 

12  b7  1 

12  4U9 

375 

Nil 

32 

1  0  /  8 

#B 

Nil 

31 

10/B 

Center  of  niiwey 

#C 

32 

10/ 8 

1 9  6 1  #  i 

1  2  671 

12  S3S 

37S 

1  66 

CL  to  MH 

14.  9- 

1  D 

Q  /  Q 

M  ■  M 

58* 

•2 

CL 

1  2.5-1  7.1 

1 5 

1  6  /'  B 

65 

1962  *1 

U  911 

I  1  996 

421 

575 

Sandy  silt,  tr. 

7.2- 

Nil 

33 

24  ■  7 

26 

Typical  anow 

(8-yr 

Ci-yr 

day  (MU 

19.2 

6-12  in. 

av.) 

av.) 

26* 

*2 

Silty  sand 

9.1- 

NU 

27 

24  7 

(SP  to  SM) 

16.8 

*3 

Sandy  sUt  (Ml) 

24.1 

Pre  tent 

12 

1  7/B 

57* 

380 
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JM«  1.  (conUmwd 


rreezlng 

Thawing 

Soil  Type 

Max. 

Thaw 

Index 

□eacii|itton 

Moist. 

Oivanlc 

Depth 

Date 

Period 

10-yr. 

Given 

lO-yr. 

Given 

ami 

1 1 .1 1  ■  ■  1  > 

Tin.) 

Max . 

(Cal. 

Site 

Av. 

Year 

Av. 

Year 

enor.  eifpa 

me 

Thaw 

days) 

Remaifca 

1961  •! 

n  911 

{8-yr 

•V.) 

11  773 

421 

(9-yr 

BV.) 

296 

yMMDt 

19.3 

I  5  /  8 

64* 

n 

Nil 

18.7 

8/8 

57' 

7  169 

7  S29 

3  000 

3  119 

Sond  and  silt 
lit.  clay 

20- 
43 

Nil 

90 

6/8 

Clayey  5.;t  tc 
sandicLtoSMl 

12-26 

Nil 

31 

2  3 7 

IG 

Silt,  MMwetey 

(mU 

30- 
43 

MU 

60 

13/8 

l»CS*l 

11  204 

II  069 

$26 

708 

Slltygrawl 
(GW.6M  to 
GM) 

6.1- 

10.1 

NU 

30 

24/7 

35* 

M 

Gravel  (GW) 

7.0- 

n.i 

Nil 

32 

24/7 

35* 

IMI  tl 

11  204 

11  294 

S26 

378 

GM 

Praseot 

30.  2 

25/7 

43* 

n 

(GMtoGP-GM) 

NU 

22.6 

25/7 

43* 

W2  #1 

(S-yr 
av.) 

(S-yr 
w.) 

TIC 

NU 

>34 

9  /  7 

Typleel  eiiMr 
10  In. 

•2 

NU 

>36 

9/7 

t3 

NU 

>46 

12/7 

•4 

>42 

12/7 

•S 

>36 

12/7 

1961  #A 

]C>  096 
(S-vr 
•V.) 

10  20C 

754 
(5-yr 
av.) 

715 

GM.  8M.  8C 

Nil 

>4S 

25/  7 

«B 

CL 

5*  moss 

33 

10/8 

4C 

8M-8Ctaa4 

'K'    mc  3s 
covered 

32 

10/8 

S  049 

S  S98 

3  398 

3  092 

(GF) 

«.  w 

Pitt 

1/7 

40- so  In. 

gravel  (8F) 

3.8 

Grasa 

>72 

1/7 

«a 

Sand.  lit. 
anv«l(8A 

2.3 

Grss*.  2- 3 in.. 
<toe«ywlMtlBf 

>72 

1/7 

preliminary  site  Inv-cstitjations  necessary  for  the  design  and 
construction  of  the  various  structures  built  by  the  Department. 

In  principle  those  soils,  which  do  not  undergo  strength  and 
volume  change  during  cyllcal  freezing  and  thawing,  do  not 
require  any  special  investigation  becau.te  of  permafrost  con- 
ditions.  Preliminary  investigation  studies  are  performed 
according  to  well  established  soli  mechanics  principles. 

For  those  soils  where  strength  and  volume  change  il  a 
major  design  consideration,  determination  of  expected  naidmum 
depths  and  physical  characteristics  of  iha  layar  undargoino 
cyllcal  freezing  and  thawing  is  of  prlfflaty  laipOftance. 

GENERAL  CLIMATIC  CONDITIONS 

For  the  determination  of  climatic  conditions  influencing  design 
md  OOnatriiCtUMi  mnslderations ,  the  Construcuon  Branch 
loUas  on  cUmalDlaglcal  d«t«  collected  by  the  Meteotologicel 

totoeaW— iherData 

Data  on  au  ti-nu^craturc ,  air  pressure,  humidity,  precipitation 
(amount  fini  iyp<-)  ,  surface  wind  direction  and  velocity, 
VI SI  1)1  li ty  ,  anc  ic.  nb^iTv  ition  (both  fresh  and  s-:<lt)  i:'- 
reported  from  weather  stations  in  the  Carvadian  Arctic.  The 
fOfautloa,  daoay.  and  ■ovamnt  of  tarn  im  notad. 

Upper  Alf  Weather  Pete 

OtaamUMia  oa  air  taoipafstum,  air  ^astira,  hunidlty,  wind 


direction  and  velocity  art?  made  to  an  altitude  of  approximately 
60,000  ft. 

Climatic  environmental  conditions  concemlng  temperature 
condiuons  are  expressed  In  tams  Of  fwaslnv  Imlax  and 
thawing  index  [  2 .  i. . 

For  design  purposes .  the  Department  Of  TcanapOft  tttoa  tha 
10-ye«r  average  values  of  both  indexes. 


CONSTRUCTION  MATERIAL 

Design  and  construction  at  a  given  site  are  influenced  to  a 
considerable  degree  by  the  type  and  amount  of  instruction 
material  locally  available.   This  is  especially  true  where 
permafrost  subsrade  soU  conditions  axlst.  In  such  a  case  the 
traBBportatlon  of  matarlals  can  lia  of  prlmaiy  econoinlc  import- 
ance. ConsaqiienUy.  a  saaroh  Car  oonsmieUen  natartals  at 
perniafrost  silos  Is  an  Intagrsl  part  of  any  pre UsU nary  slla 
Investigation . 

Tha  extent  and  type  of  preliminary  site  Uwostlgatlans  ara 
ffovamed  by  the  followiag  design  principles: 

1 .  The  fouivJatlon  of  any  structui*  Is  designed  from  a 
structural  and  practical  standpoint  to  give  support  to  the 
superstructure  at  an  allewabla  maximum  design  deformation. 

2.  For  any  given  type  of  Structure  tha  same  safety  factor 
is  maintained  in  design  and  oonstructlon  of  the  found atlon  at 
established  for  the  superstructure. 

3.  For  permanent  structures  a  minimum  maintanansa  Is  to 
faa  provided  far  during  the  design  life  of  the  atmctura. 
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POSITION  OF  THE  FROST  LINE  (MAXIMUM  DEPTH  OF  THAW) 
BEFORE  AND  AFTER  CONSTRUCTION 


LARGC  LENSES  REPORTED 
ON  EAST  SIDE  IN  ML-CL  SOIL. 
IN  OCNCAAL  FINE  M  SMALL  Q| 


THAWING  INDEX 
FILL  lOronulor  nox  I'Ml  tWM^) 
FROZEN  FILL 

NATURAL  SUBCRAOE  SOIL 
Q    FROZEN  SUeCRAOE  SQU. 


Tig.  4.  Runaray  oOMtnioUon  in  pcnasfiost 


GvMral  conditions  encounMMd  at  any  glv«n  iltt  aro 
•stabUthed  by  a  preliminaiy  sumy  wham  tha  Dapartmaat  of 
Transport  invesugaies  th«  site  as  a  whola.  Thia  phaaa  of  the 
lnwstl«atlon  includas:  (a)  Uteratura  aoarah  and  iaaneh  ot  tha 
ttlea  of  the  Department  o(  Transport  and  elhair  gavaanaat 
agetKies  for  data  which  could  be  helpful  to  the  deslanan  (bl 
depths  of  thaw  determined  under  various  cUmatic,  soil,  and 
ground  cover  condiuons;  (c)  condition  survey  of  existing 
structure;  and  (dj  site  search  for  construction  materials. 

Frir  r(  i<Ti.-:;ro  purposes,  the  Construction  Breix;h  maintains 
information  tiles  where  all  published  technical  infomation  and 

i'Ol|.--c->ed  cr>3>r;i?.-riny  reports  are  filed  ftlT  DapartflMiM  Of 
Trar.&iXJr;  s'.atioris  in  the  North. 

In  general,  the  oepth  of  the  active  layer  (depth  Of  thaw)  Is 
measured  by  a  sounding  method.  Information  la  collected  on 
aaU  type  (anglnaetlnv  daseilpUon  and  elaaalflcatloii}.  taolS' 
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tura  oontent.  type  of  organic  cover,  freezing- thawing  index 
data,  maximum  depth  of  thaw  tn  inches,  tha  data  of  manlBuai 
depth  of  thaw,  and  number  of  days  of  thaw. 

Daiantfnatlona  in  Fig.  l  show  the  rata  of  ihaw  penetratton 
and  the  time  and  rate  of  freezeup  for  a  given  condition.  The 
depth  of  thaw- thawing  index  data  are  based  on  soundllioa  Of 
the  active  layer  at  38  sites  in  the  Canadian  North. 

An  example  of  the  data  collected  during  1961-62  Is  given 
in  Table  I.    These  data  are  used  to  approximate  the  conditions 
at  any  given  site  and  are  extrapolated  for  varying  environ- 
raental  conditions.    The  test  results  are  useful  In  predicting 
the  lepth  (t'.  thr.v  penetration  for  sites  where  the  physical 
ccnditior.s  are  sini/ar  to  the  site  Investigated.    The  data  arc 
also  used  for  icteminincj  lenyth  of  the  construction  season, 
and  lor  establishing  the  period  during  wblch  the  ground  can  be 
nagotutad  fay  eonatruetion  aqulpaant.  Iha  data  an  alao  iiaa- 
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ful  for  determJiung  the  time  of  (reezeup  ol  temporary  landing 
strips  built  on  tuborade  soils,  tn  thawod  condition,  the 
strips  are  too  lour  In  boerlna:  they  can  only  b*  UMd  whon  tho 
subgrade  soli  19  frozen.   Experimental  data  are  summarized  in 
Flga.  2  and  3.   Fig.  3  gives  an  approximate  corrolauon  be- 
tween the  obsefved  period  of  thaw  and  the  freezing  index, 
together  with  the  naximum  dapth  Of  thaw  reached. 

Depth  of  thaw  penetration  into  pavamants  has  also  bean 
Investigated  at  one  loeatteo  by  means  of  a  thermocouple  inttal- 
latlon.  The  results  ar»  summarized  in  rig .  A.  The  dealsn 
pflndpla  of  iMlntaining  the  unstable  subgrade  material  In  ■ 
penumntly  touneendiuon  was  achieved  hera. 

Booauw  aM»t  cnvimering  considerations  are  basad  in 
engineering  experience,  the  performance  of  existing  structuna 
is  of  ma|or  importance  to  the  designer.  A  systematic  coUeottOR 
of  aucb  perfonaanee  data  has  baan  oigantiad  fey  the  ConatniC' 


lion  Branch,  fig.  S  abows  an  axample  of  the  type  of  data 

collected. 

Site  search  for  construcuon  materials  is  dono  6am  atr* 
photo  interpretation  (Fig.  6}  l4]  with  help  from  englnaetlng 
consultants  having  wide  exparlance  in  this  field.  Oapartnant 
of  Transport  personnel  follow  up  airphoto  interpretation*  with 
a  ground  search  at  the  site. 

The  type  and  extent  of  prallatinaiy  aolla  MMMigatloii 
depend  on  the  .•use,  inportanca.  and  ftmetton  ef  th*  atnictura 
and  on  soli  conditions  encountered. 

Physical  information  collected  inelydaa  Mmioth  pammatan 
of  the  toil  tn  Us  fiosan  and  thawed  atata,  typa  of  giound 
cover,  depth  of  tha  aetiva  layar.  and  tnolatura  contant  and  loa 
fonaatton. 

InfUally,  tha  nunbarof  boraholas  Is  based  on  adequately 
mpi«aanttiip  IIm  ana  of  eonatruetion.  Additional  boreholes 
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Fig.  6.  Airphoto  intorpretation  (or  construction  matertals  tn  permafrost 


might  be  necessfiry,  however,  for  j  varlrtble  soil  condition. 

Hio  depth  of  the  toils  investigation  is  directly  reUted  to 
the  typ«  of  structure  to  be  erected  and  the  soli  conditions 
encountered.   Purely  granular  soils  do  not  change  their 
strength  and  volume  characteristics  during  freezing  and  thaw- 
ir>g;  consequently,  only  the  extent,  depth,  and  quality  of  the 
granular  material  Is  investigated. 

For  those  cohesive  soils  that  do  not  undeigo  detrimental 
volume  change  during  freezing  and  thawing,  the  soli  investi- 
gation should  determine  the  uniformity  of  the  condluon  and 
the  minimum  strength  of  the  materials. 

For  foundations  where  soil  volume  changes  upon  freezing 
and  thawing,  it  is  necessary  to  determine  depth  of  the  active 
layer  and  capacity  of  the  permafrost  for  carrying  the  load  of 
the  superimposed  structure. 

The  department  uses  many  types  of  equipment  for  drilling 
with  varying  degrees  of  success.   Portable  equipment  is 
generally  Inadequate,  and  in  most  instances  the  transportation 


of  heavy  equipment  Is  difficult.   Good  results  have  been 
achieved,  however,  by  using  on-site  construction  equipment. 
Examination  of  soil  of  the  active  layer  by  the  open-test  pit 
method  was  very  successful  where  convantlonal  drilling 
methods  w«r«  inconclusive. 

REFERENCES 

[ll  G.  Y.  Scbastyan.   "The  Canadian  Department  of  Trans- 
port Procedures  for  the  Design  of  Pavement  and  Foundation 
Structures  in  Permafrost  Subgrade  Areas."  1st  Can.  Conf. 
Permafrost.  Natl.  Res.  Coun.  ,  April  1962. 
[2]   H.  A.  Thompson.    "Freezing  and  Thawing  Indices  in 
Northern  Canada."  Ibid. 

[31  E.  B.  WUkins.  W.  C.  Dujay.  "Freezing  Index  DaU 
Influencing  Frost  Action. "  Natl.  Res.  Coun.  Tech.  Mem. 
33.  Ottawa,  19S4.  pp.  36-39. 

[4]  J.  R.  MoUard,  consulting  engineer.    Unpubl.  data. 
Dept.  of  Transport,  internal  ropt- ,  >961. 


394 


Ccr  -     ■  i  'Material 


EXCAVATION  OF  FROZEN  SOILS 


V.  p.  B.-K;K;::  Otrjch.-v  P.-rrrVrr--  Rocjrch  U»utut«,  M©tc«w 
A.  N.  ZCLEMN,  Moscow  Automotive  InsUtut* 


CVMENT  STATUS 

Pcrynniol  or  scosonal  Jrozcn  grour-  l  covlts  norc  than  9Ci'X.  of 
the  Soviet  Union-    Throijijhout  this  territory  irozon  rocks  and 
soils  are  excavated  when  mineral  deposits    re  jtr;pp?d, 
hyaropower  and  other  larrje  projects  are  bui.t,  or  various 
engineering  u:il,!.cs  are  l.nd.    Thia  is  usually  preceded  by 
technologic, 1 1  ^lep  n  lEion  and  with  con;Uderiible  mechiiniZrillon . 

Les;.  rr.iT  :i.t:;j.:, ;• .  :l  i  .  Sound  With  "diggitlij"  piocr: •.•.<•  s  In 
civil  cntjini.  i.  tiivj  ar.d  cit.luuiry  mdustrlal  construction  work. 
Whon  smnil- Sf.ilf^  work  Is  iion'-.  hard  ground  hindois  the  us« 
01  normal  rrrrhanizatior.  procedures,  pspocuUy  considering 
builders'  demands  lor  preliminary  preparation.  In  mining  and 
construction,  well  over  5Ul)  million  cu  m  of  frojon  ground  Is 
excavated  in  the  SoViOt  Union  annually. 

The  difficulty  of  working  and  excavatintj  frozen  ground  is 
the  extra  enerjy  needed  to  disintegrate  it.   Tor  ice- cemented 
soils  this  added  power  consumption  at  low  temperaturo  Is  so 
great  that  preliminar,'  .soil  pvepBraUon  If  IIMdad  tur  fMll  UM 
of  n'.cdern  mric-hir.fry  .  1  , . 

The  m'.ignifir.ir:!  d.ggir.g  ct  trenche.-:  ind  inJividurtl  plLi  In 
soasor.rilly  frozen  ground  ..iy<!rs  is  the  only  rxri'ptlr^n .  Digging 
Irrnchus  ir  comparatively  h0no<jeno0us  !ine-gr. lined  soils  of 
this  layer  is  done  well  enough  with  bor  cutters  mounted  on 
tractors  or  excavators.    It  takes  .-about  t  to  7  kw  hours  to  dis- 
integrate and  excavate  I  cu  m  of  frozen  ground.  Occe.slonally. 
heavy  rippers  towed  by  powerful  tractors  are  used  to  disinte- 
grate seasonally  frozen  ground.    Blocks  cut  by  b<iis  or  rippers 
are  further  removed  by  sp<'(:l.\lly  fitting  c.-xcov.-itois .  Dl.slnt>»- 
flrating  the  ground  by  machines  rod^ces  the  costs  by  SU*  as 
compared  with  the  drill  and  blast  methods  2]. 

In  mining  modern  mac.nnery  ir.  used  after  prellnunacy 
treatment  of  the  hoif.n  ground  which  CAn  IM  pnpsnd  by 
disintegration  (blasting)  or  th.^wlng. 

In  the  northern  Soviet  Union  frozen  ground  Is  thawed  by 
steam,  electricity,  and,  occasionally,  by  thermochcmlcal 
(artificial  heatj  sources.    Tnawing  by  solar  heat  is  generally 
effected  by  well  point  and  well  methods  and  is  common  in 
excavating  placer  deposits.    A  combination  of  methods  is 
fre^^uently  the  most  rificiont  for  lx-:A  ui.e  of  modern  machinery. 

In  todciy's  technology  the  elfirloncy  ol  equipment  is  dlnut 
60  to  80*  w.th  thawing  by  w.iter  undor  natur.il  temperatures.' 
60%  with  thawing  iyy  electricity:  "lij  to  b'J*  with  thawing  by 
steam,  and  20  to  30-  with  thawing  by  thcrmochcmical  methoda. 

If  general  energy  cnn^umption  inriexcs  are  compared,  proc» 
cssmg  untreated  frozen  ground  with  machinery  appears  to  bo 
least  expensive;  next  Is  thawing  vz-ith  natural  and  aritllicial 
heat  sources,  and  third  is  preliminary  disintegration  of  the 
ground.    Economic  indexes  of  toaay's  preliminary  treatmant 
vary  with  the  degree  of  organization,  availability  of  ma- 
chinery, scope  of  work,  and  thickness  of  the  layer  prepared 
itar  excavation  (Fig.  1).    Expensive  preliminary  preparation  is 
enoountefed  In  eon»tnjctlon  when-  irtvit.mf.-nt  often  co.sts  500% 
mom  th«n  excavation.   In  mining,  the  cost  ol  disintegration 
doubles  ovor-ail  excavetion  exponses  even  with  adequate 
Otflanizotlon  and  machine  drilling  Of  blast  holes.   The  cost  ol 
W«ll-Orsamzcd  tha.vi.ig  of  ffOzen  QtOund  In  mast,  including 
nqubed  pxeliininary  development  and  anortlsetlon  of  installa* 
tkuns,  U  nmgawiBlly  leaa  than  lOM  of  the  reaialnlna 
ofwratlan  axpaaaaa  • 

niBh  mpanaaa  and  Mior  costs  underline  the  need  for 
raseaich  and  fticthar  pmgraas  in  preliminary  treatment  and 
oMcavatiaa  of  fioien  gimind  aa  a  national  pnUam. 

RESBMtCH  ON  DISINTBeiWnKG  FROZEN  GROUND 

Etft-c  ilvc  excavating  machines  are  scarce  bccauaa  batiC  data 
for  calcuiation  and  design  are  not  available. 


Extensive  experlxcnial  and  theorem:. il  iL'se.irch  on  dismta- 
gratlng  frozen  ground  by  cuttir>g,  dynamic  (impacO  loads, 
vibrating- cutting  devices,  and  vibration- percussion  were 
made  from  1951  to  1955.  under  the  direction  of  Zelcnln.  in 
various  institutions.    The  purpose  was  to  develop  scientific 
principles  (or  calculation  and  the  design  ol  new  machines  (or 
effective  and  direct  excavation  of  firoaen  0 round  without 
preliminary  thawing  or  loosening. 

Research  methods  were  mainly  directed  to  studying  the 
physics  of  disintegration,  so  that  research  data  and  principles 
could  be  stated  mathematically. 

Field  and  laboratory  studies  included  more  than  6000  tests 
performed  on  special  test  beds  with  commercial  machines. 

Tests  were  conducted  On  a  variety  of  soils  from  sand  to 
heavy  clay  over  a  wide  range  Of  ground  KTmperaturea  C-0.$*  to 
-40°  C)  and  range  of  water  contents  (6  to  60%) . 

CUTTING  GROUND 

ExperiraertN  .vere  performed  under  field  conditions  using  19 
dilferer.t  devices,  of  which  15  were  elementary  profiles  and 
4  were  cutting  perimeters.  Width  (0  of  alaMUtary  pmUlaa 

varied  from  1  to  20  cm. 

Cutting  forr.'  (PI  in  kg  and  specific  re.-iistance  to  cutting  (K) 
in  kg    5  1  cm  wc:i-  fonsldered  the  main  features  of  permafrost 
Jiiint-iration  during  cutting.    The  value  K  -  P'hS',  I.e.  ,  K  is 
cutting  force  divided  by  cross- sectional  area  of  the  cut  (depth 
bandwidth  9. 


Fig.  1 .  Cost  of  excavating  frozen  soils  aa  Mlatad 
to  thickness  of  layer  and  prelimlnaiy  ttaatflMBta 

1  Meat  amelioration 

2  Uxjsening  by  blaal  In  Shot  holaa 

3  Loosening  by  Maal  In  walla 

4  Mine  shafta 
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Results  of  complex  experiments  provided  these  data: 
I.  Cutting  force  (P)  underBPsa  Unaar  cbangee  in  direct  pro- 
pnrtlon  to  cutting  depths  dlsngardlng  tenperaUira  and  wattr 
oontaM  of  ibe  soil. 

I.  Vazteuen  of  P  due  to  width  S  of  tha  pioflla  (n«.  9 
wriim  cutUitB  sandy  loam,  with  t  ■  -3^C  and  water  eontant 
(w)  ■  17  to  19K,  la  qualitaUvalir  atnttlar  to  that  of  eutung  non- 
boaeii  txoiuid  end  Is  cheiecteiiiMd  by  tha  aquation  F  -  ABU 
where  W  la  a  coefficient  eharactarlzliio  the  phyaloel  state  of 
the  soil. 

Plotting  euivea  (Fig.  21  in  douUa  logarithmic  ooordlnaias 
ahewa  that  index  M  la  0.5  as  It  la  In  cutting  nonCtozen  greund. 

3.  Value  K  does  not  depend  on  h  If  8  la  constant.  When 
8  incraasaa.  K  decreaaea.   Hanea«  with  the  cutting  of  equal 
crosa-aoetlonal  areaa  (P  ■  hSl  In  "Mocked"  cutttng.  laaa 
fbrea  la  required  to  ahasr  eutttngs  of  larger  width  and  laaa 
This  conclusion  fully  coMbrma  with  tha  laws  P  «  flli) 


Pig.  2.  Fneaa  of  cutting  as  related  to  depdi  of  Fig.  3.  Influence  of  notatnm  content  en  apeelfle 

cutting  and  width  of  cutler  reaistance  to  cutting 


Talrie  I.  FR»en  soil  cutting  raalatanea  aeale 
WumarMor  la  MMilMr  of  atrikea  C 

Danomlneicr  Is  specific  raslaunce  to  cutting  00  In  kg/ sq  cm 
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for  "bloekad"  sMting  at  nanftDnn  Mils  *nd  various  looks  C3l . 

4.  If  tho  angle  of  eutUng  M  la  dacraasad  torn  90  to  30" , 
th*  eutung  forea  ebangea  almoit  Unaarly  and  with  tha  angla 
of  euMng  <p|  *  30* ,  P  baeonas  4S  to  MK  amaUar  Car  various 

cuttlns  condJttonf  ■ 

5.  Witn  inrr'-aslng  water  content,  the  specific  resistance 
to  cuttimj  in  ai;  soils  rises  to  a  certain  maximum  v.ilue  cor- 
responding to  a  moisture  cont"!!!  closo  to  full  trituration  of 
soil  pores  with  ice  (Fig.  3)  .    A  lurth-.?!  incn-  -.se  m  ice  content 
of  the  soil  decreases  K,  which  Cj-raduilly  nppioaches  the  value 
ol  specific  resistance  to  cutting  pure  Ice  at  tho  same  tem- 
parsturc  and  cutting  paranetera. 

6.  If  (X)  is  the  generalized  resistance  of  frosen  soil  to 
different  types  of  disintegration,  and  (l)  is  soil  tamparsture. 
than  tha  relaUon  X  =  f(i)  beoomaa  X  =  At"  =  AwT whata  only  A 
varias.  and  whose  relationship  does  not  depend  on  ground 
taaipenture  Ibr  all  kinds  of  dtstntegiatlon. 

Assunlng  that  value  of  rupture  M  la  lOM,  the  foUawtag 
relations  aia  obtained  for  frozen  ground  raslstaneo  to  desliuc- 
tlon  at  any  given  temperature:  Uniaxial  tension  (o^  la  lOM, 
uniaxial  oompiasslon  (o^  is  300%,  speclfle  resistance  to 
cutting  (K)  whan  8  ■  3  em  is  UOOK,  and  static  panatratlen  4 
IS  2100%. 

In  dlslMaotatlng  toaan  gtound,  swttiods  Aoukl  ha  used  in 
which  tanalla  atiaaaaa  nr^^M^'n^ta.  Such  methods  are  a 
ooarijlnation  of  abeaiing  and  toarlng  (  2]  as  wall  as  soil 
looaanlng  with  a  singte-toclli  ripper  of  apaelal  design  mounted 
on  a  powerful  tractor* 

7.  In  evaluating  the  strassad  state  of  Ccosen  soil  when 
plotting  dte  enralope  of  limiting  stress,  considaratlen  should 
be  given  to  tansll  sKesses  (o^  and  (03)  whieh  occur  In  uni- 
axial compression  of  samples  L4l,  beceuae  of  the  fanaetkm  of 
compact  wedges. 

0.  fSranulometiic  composition  influenoes  Ihe  strength  of 
fnisen  soil  oonslderably  less  than  water  content  and 
lempereture. 

9.  Rapid  field  evaluation  of  leststanoe  of  frosen  soil  to 
cutting  can  be  detanHlned  from  readings  of  a  dynamic  danstne- 
ter  used  by  Selenin. 

The  Instrument  is  aicliiamaly  alswlas  A  weight  of  2.  S  kg 
falla  along  the  stem  upon  the  wasfaar  of  the  end  pilece  (serewad 
to  the  stem  and  set  up  vertically  on  the  giountf ,  and  in  one 
blow  doaa  woik  equal  to  I  kg  m.  The  number  of  Mows  (C3  va- 
quliad  10  ram  tiila  Oat  cqfllndiioal  and-ylaea  of  aoss- sectional 
I  (F)  -  1  sq  cm  to  a  depth  <M  ■  10  cm,  characterises  the 

msumptlon  for  dynamic  panelxatlen. 
Ihe  number  (tf  Mowe  (d  is  an  espedlent  for  placing  a  par- 
ticular soil  In  tiie  cutting  resistance  scale,  since  It  accounts 
tor  all  physical  and  mechanical  properties  of  the  sell  thet 
influence  ground  resistance  to  eutung. 

10.  the  value  of  spsdfle  cutting  forces  {equaling  C  for 
cross  section  of  cuttings  8  «  3  cm  and  h  ■  I  cm) ,  depending 
on  water  content  and  temperature,  can  bo  taken  from  T.ilii^  I. 

1 1 .  The  table  is  a  basis  for  classifying  soils  according  to 
tbelr  cutting  resistance  by  the  value  of  C  (Table  ID . 

TaUe  n.  Soil  classification 


Nonfrozi!ti  ^i 

oil 

Frozen  soil 

Category 

No.  of  blows 

Category 

No.  of  mows 

I 

1-7 

VI 

100-160 

n 

8-lS 

VII 

160-220 

in 

16-23 

VIII 

220-280 

IV 

24-30 

IX 

280-360 

V 

30-100 

X 

>  360 

Thla  classification  is  continuous,  since  the  upper  Unit  Isl 
for  nondosen  soil  (C  -  30)  is  at  tiie  ssme  time  Ihe  lower  limit 
liar  fPDsen  soil. 

The  All- Union  Oonferanoa  on  excavating  txotan  ground  held 
in  Ktoeoow  in  1882  reaosnended  fbst  fUs  classification,  de- 


veloped by  Selenin.  should  be  ueed  because  It  detamlnes  the 
eapael^  of  machines  under  various  actual  condltlcins  simply 
and  aeeuntety. 


12.  lb  calculate  the  cutting  focoa  whan  using  taeth  Of 
various  cutters,  budeots  of  tofor  and  chair  encsvators.  tools 
of  mining  siaelilnes.  and  other  cutting  parts  of  similar  design. 

deduced  torn  the  sumnaiiaad  data  of  the  above- 
Is  fscommendsd 


cutting; 


P'Chd  ♦o.ssa  (1  -^^)  M 

where  fi  is  I  iw  bloekad  cuttliig;  0.7S  for 
and  O.S  for  free  (unblocked)  cutting. 

Equation  (1)  applies  to  cutting  tods  of  I  to  18  cm  width. 
For  these  conditions  the  calculatloos  pnvlde  data  close  to 
actual  results. 

DISINTEGRATION  BY  DYNAMIC  LOADING 

Research  on  frozen  ground  disintegration  by  Impact  load  was 
conducted  under  laboratory  cendltloni  with  one  blow  ranging 
from  1  to  20  kg- ID  and  under  field  conditions  with  one  blow 
ranging  from  100  to  3000  kg  [  zl .   Specific  energy  consumption 
(r)  in  kg/cu  m  (or  kw-hr/cu  m) .  i.e.,  the  amount  Of  energy 
needed  to  disintegrate  1  cu  m  of  soil  was  adopted  aS  thai 
of  effectiveness  tor  this  method  of  disintegration. 

Tha  amount  of  work  perlorrned  with  or,e  blow  is  s  major 
fnciot  influencing  enenjy  cons j.T.ption  of  frozen  soil  dis- 
ir.tivjt.-ition .    Spccitie  i-nergy  eonsurr.ptlon  Is  < 
proportion.-i:  10  the  <Mi<":i3y  oi  one  t>low. 

The  ;ih-^pf?  of  th(-  rtctlve  working  part  also  substantially 
Influencos  sfN-cidc  enenjy  consumption  and  over-all 
pr<.iduct;v:ty . 

Under  field  conditions  experiments  were  made  '..siri-i  a 
wedr;e  htivinr;  corriblntitlons  of  teeth  illustrated  in  Tiq.  4.  The 
wedije's  tot<il  width  was  iC'  err,,  while  thjt  of  each  tooth  was 
10  cm.    A  wedge  furnishec  svith  Vmo  ixtreme  teeth  (1  to  S  with 
optlmu.Ti  wedge  angle  a  =  30  )  h.id  twice  the  capacity  of  tha 
continuous  wedge  (of  1.  2,  3,  '1,  5  aeslgrj. 

Resistance  to  percussion  disinioatatioji  depends  on  the 
physical  characteristics  of  frozen  soil,  such  as  water  content, 
temperature,  and  granulometric  composition.    Tho  influence  of 
w,Qter  content  on  the  ericr:jy  cori sumption  Of  perr  .'_;  s  dis- 
integration IS  qualitatively  girr.ilar  to  the  rel.Ttionch)(:  shown 
In  Fig.  3. 

The  most  effective  aistance  ol  the  active  workira  part  from 
the  forefield  (worklr»g  face)  (Fig.  5)  varies  with  the  tempera- 
ture of  the  soil  and  the  shape  of  the  active  working  part.  The 
dlr.Ttlon  of  th<-  blow  and  the  Incidence  ar>gle  of  the  active 
working  port  greatly  influence  energy  consumption. 

For  tractor- mounted  cquipmi-n; ,  tin-  work  performed  at  one 
blow  must  range  from  1000  to  3000  kg  m. 

When  the  wcaye  is  forced  into  frozen  ground,  from  80  to 
85%  of  the  powt^r  is  spent  In  crushing  tha  frozen  ground  and 
only  1 5  to  20 «  Is  conaumed  in  aapatatlng  the  fiosen  ground 

from  the  forefield . 

W.'ion  frozen  qro.nd  is  disintegrated  by  rupture.  □  wedge 
with  ,1  bevel  .inqle  of  1  5  '.o  2U^  facing  the  forefield  or  a  sym- 
metric weaqe  with  the  tool  angle  of    U  to  l  .j^  ;s  piracticable . 
Wedges  with  lh>^  .ibove  .inqles  are  driver,  m  with  small  power 
consumptinii .  jm:  .i  sligh;  .iJded  efiort  toward  the  open  wall 
of  the  forefield  is  needed  to  tear  off  the  soil.  With  such  a 


/4n  ^  A\ 

111   mr  hnW 


„/  6"^j$MS*' 


fig.  4.  Experimental  tworfclng  parts 
with  dltfsrsnt  foolh  1 
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Fig.  S.  Relationship  between  specific  shearing  eneigy  con- 
sumption dad  dlctanec  (I>  of  dtffamnt  warielng  parts  bom  open 

wall 

eenbliwtton  of  >hewli]o  and  tMrtng*  •n««y  oonsiMUpUOB  for 
dltumgnitiaa  daeraawa  l.S  lo  3.0  tlmaa. 

Ik*  wlbrauon  mathod  of  tosan  sieund  dlstnlagTatlon  ta  in- 
effoctlvtt  and  Mpraetioal  if  (ha  apaad  of  fha  aeuva  wadUng 
pan  exceeds  20  to  30  em/aae.  Tha  vlfanuen-pafeusaloii 
nathod  periniu  wwkJnB  ot  hlshar  aaipUtudaa  and  oiMtgy  of  a 
blow.  thouBh  Jt  ia  aaaiar  to  oftoot  •  Mow  of  1000  to  300D  kgm 
of  ansrgy  undar  midUfalatr  oondltlsiii  ttwo  in  dia  vlbntlon- 
paicuaslen  nwUiDd,  With  tha  vlbntlon-cutano  nathod,  vibra- 
tion* sihouUI  ba  dlieetod  along  tha  axis  of  iaov«MM  of  Oia 
woddng  port.  Latasal  vibrations  eoraldaraUy  radvea  tha 
cutting  affaot. 

Whan  translating  disturbing  fore*  W  of  tba  vttiio-hanmar 
Into  tha  anargy  M  of  ona  Mow,  tiio  toUonrlng  Ibnaula  ia 


where  (w)  is  the  circular  fraquanoy  of  tho  dlMurbing  faioa.  and 

(v)  la  speed  at  linpact< 

Average  energy  oonsunptlon  (0  In  kw  how/cu  m  irt  warfclnQ 
Irosen  soils  at  temparatura  t  =  -S*C  and  with  energy  ol  dio 
blow  A  >  SOO  kg  m  follows: 

t  '  1 .  S  to  2. 0  In  continuous  cutting  of  forefleld 

E  '  0.7  in  chipping  with  a  continuous  wedge 

E  =  0.  3  In  chlpplrtg  with  a  double- tooth  wadge 

C  -  0. 17  in  chipping  and  tearing  with  a  rMrtOW  wedge 

E  =  1.2  in  chipping  with  a  Wow  of  low  anargy 

B  =  2S  with  alocbrie  and  ataam  haatUig 

These  data  along  with  the  frozen  ground  cutting  resistance 
scale  and  the  formula  for  calculating  cutung  fbroa  are  a  basis 
fot  t>^o  ct.-.htui.-ition  '.nri  desiQn  of  offactlvo  aMchlnos  for  US*  In 

oxc._w-.ilii';;  frozen  soiis- 

STUDttS  FOR  EFFECnVE  PREPARATION  OF  FROZEN  DEPOSITS 
FOR  EXCAVATK»r 

Datailad  studies  of  preparatory  treatments  for  particul  :  i.i  ih- 
oda  of  excavation  were  started  in  the  Soviet  Union  5  <  >rly  is 
1030,  supervised  by  V-  P.  Bakakln,  and  contlncn  J .  .vnh  iome 
Interruptions,  by  him  and  other  sclanllsta  in  the  north  and 


noithaast  of  tha  Soviet  Vnlo«,  unttl  19S0  (6].  Tha  msulta  of 
theaa  oenplaK  studios  are  glvaa  in  tha  rest  of  thia  aactlon. 

Panodle  cooling  of  tha  surtaca  and  fanaatlon  of  a  aiamlo 
of  fceimi  BOUa  oontliiiMB  on  tho  eatth's  surfaeo  in  tha  prooost 
of  nonstatlonary  swfaeo  boat  OMOhanga.  Hlghar  losaos  of 
radlaat  solar  enervy  and  htghar  heat  waata  euislng  etaango  in 
tha  state  of  water  in  the  mantle  soils  ara  highly  eharaetaristle 
of  northom  regions  whore  supercooling  is  anoonBHrad  awse 
frequently.  Within  the  total  onaigy  bolaneo  fhoso  tossos 
rediMO  eonsldarably  to  prapoftten  of  heat  ndlatlen  ftosi  tho 
surfaeo,  which  mainly  influaneaa  thamal  eondltlons  of  itao 
maiitla  layer  el  sells  to  be  axeavatad. 

Vfldar  natural  conditions  die  thermal  ra^laio  of  bcaon 
aiantla  deposits  la  datarminad  by  haat  exobange  oomponents 
of  tha  boundary  layer  whaio  radiant  onaivy  Is  transldfmad  into 


Heat  axehango  in  ibo  aelivo  surfaeo  vailos  under  caitafn 
gaographie  eondltlons.  without  suffleiontly  broad  Units, 
influaneed  by  oxeluslvoly  loesl  factors  and  tho  radlatloa 
mteroellmate.  By  offoetlvoly  using  natural  condltiont  and 
modem  equipsMnt  one  can  eonlrol  ehangos  in  indivldiial 
components  of  boat  sMchango,  aeUvo  MUttaacos  inctudlng 
radiant  haat  Mnhango  and  thamal  piOcoBBos  in  the  soil 
(Pig.  fi). 


Fig.  6.  Variations  in  balance  eomponants  oontroUlng  ndiant 
heat  axehanB*  and  thainial  procsaaaaa 


Within  limits,  controll]rn  r  .ijii  ]nt  he  it  cychinge  is  effected 
by  controlling  reflection  and  iong-wave  radiation.    This  is 
done  by  using  film  covers,  warming,  acroanlnp.  and Othar 
methods— some  rather  complex. 

These  methods  of  controlling  natural  tu- 1".  i-.vi  h.iige  proc* 
esses  arc  especially  effective:  Controlilriij  w.i-it  rontent, 
and  using  artificial  structures  and  film  covers.    Irti  iisity  of 
surface  boat  exchange  docroasos  by  using  bamots  to  local 
.J  ivoction  and  t»y  using  insulating  covers. 

/.rtificia)  control  of  moisture  conditions  Is  one  of  the  Imsl 
means  of  ihori^cil  control  in  the  mantle  l.^ycr.  A  i'X  -Jrcn-.iso 
in  the  over-  ili  moisture  content  reduces  the  speciiic  heat  oi 
frozen  soils  by  800  to  850  kg-cal/cu  m.  ProtecUng  the 
surface  with  haat- transparent  lilms  is  umvara«i  for  thermal 
amelioration,  but  11  is  not  yot  perfocMd  sufOcionUy  lor  wida 
use. 

The  pietho.jF.  ol  conuoilinq  radinr.l  hent  exchnrvje  nnd 
tJie.-fri.il  p.-oc-eM.i-s  wi-t,-'  i>xpenrr.i-r.tally  testfd  in  the  northern 
USSR  .iritl  ■_■!!}  Ji.^rtly  icr:  1:1  r-:i3inCCrlng  f:"t.l[:lice .     Af.  pslt 

of  a  rolion.jl  cnxjilex.  thc-y  m,:ikr.  it  possible  to  re.u-fi  the 
following  r.-sults  withm  t:nc  w.irrr.  se.i  5<:r.;    To  reJiK-e  the 
moisture  content  of  the  soils  t.y  -lU  to  tO'', ,  to  ir.cro.)«e  tho 
heat  content  of  the  s  jrf.3CP  Layer  three  to  four  tino5,  arid  tO 
lnrr»?i»se  the  d»?pth  of  EeaEonal  thaw  two  to  five  times. 

PROSPECTS  or  DEVELOPMENT 

In  view  of  increased  effectiveness  of  stripping  large  deposits 
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by  removing  thick  layers  of  ftoMR  Ouatantary  soUa  on  « large 
scale  in  building  large  projects.  Soviet  specialists  concen- 
trated on  ralionslizing  the  methods  o(  preliminary  treatment  of 
frozen  soils  for  excavation.  Great  difficulties  arise  when 
fiosen  soil  masses  are  pertatrated. 

Borirtg  holes  to  place  explosives  for  depth  heat  sources 
(water  for  thawirvg)  and  lowering  the  water  table  by  machine 
drilling  are  laborious  and  expensive  processes  In  the  North. 
Drilling  by  slightly  modernized  available  standard  equipment 
cannot  fully  sustain  the  scope  of  work  and  volume  of  devalop- 
asent  necessary  for  highly  efficient  modern  mining  equipment. 
Thus .  various  thermal-drilling  methods  have  Iwan Widely 
tsated  lately  and  are  already  partly  practiced  In  Soviet 
industry.   For  drilling  holes  of  1.5  m.  thermopnauMMle  drills 
are  effective.    Drilling  In  sandy- loamy  soils  and  ctays  can 
reach  a  speed  of  20  to  40  m/hour  with  the  thamopneumatlc 
drill  designed  by  the  Kharkov  Mining  Cqulpnaitt  Institute.  To 
drill  d<^eper  holes,  gas- let  drills  have  baan  uaad,  InsriUfii)  a 
st:c.}:n  of  gas  flows  faster  than  aound,  at  taaipaisture*  up  to 
1100°  C,  and  disintegrates  the  eoil,  In  SOBie  cas*S<  vwy 
effectively .  High  over- all  energy  consumption  and  coa- 
parativeiy  high  costs  are  characteristic  o(  themopnaumaue 
drilling,  however. 

Whan  deposits  covered  by  a  thick  sedes  of  frozen  Quater- 
nary eoils  are  stripped  in  high  benches,  a  sharp  improvomettt 
Of  general  technical  and  economic  indexes  (10  to  ISK)  is 
possible  by  using  preilminary  boles.  Maehlna  i 
of  )M  points  and  pipes  produces  the  same  aff 
winter  tree  sing  of  the  ground  also  hinders  open- cut  working 
in  nottbem  reaions. 

Higher  heat  radietloo  during  the  cold  season  in  the  North 
prod  vices  deep  bi>st  penetration  through  moist  loose  soils  ■ 
To  prevent  seasonal  freeslcg,  various  protective  covers  are 
frequently  used  rather  late  In  winter,  when  the  mantis  has 
lost  most  of  the  heat  accumulated  during  the  warn  season. 
Properly  used  insula ung  covers,  made  of  materials  at  hand, 
decrease  the  depth  of  frost  penetration  up  to  S0%  til.  Saa- 
aooal  baoalng  of  Joom  sotla  on  the  surface  la  alnoat  oma- 
pIMaly  pwvwmad  by  oovanng  wiih  matanala  in  ahaata  whan 
taaiperaiy  alaetrlc  haating  la  uaad  dunao  tha  first  anowlaaa 
paiied  of  Itoat.  Tha  haattnv  la  atfaeiad  by  towvoltaga 
eunanta  in  laiga-nwah  naiwerka  of  fhln  bare  wlraa  laid 
1  tha  wanaad  autfaca  and  tha  oovar. 

aatliiB.  kwlet  practleas  efian  iacluda  axponslve 
fhaiflng  and,  laaa  fiaqiiantly.  chanlcala.  Thawing  of  a 
aaaaamlly  tmimn  layer  by  ub1i4  short  aeadlaa  (wall  polnui . 
vastloal  alactiodaa.  and  other  davleaa  with  all  Inhaiwtt 
Unltattoni  aw  adaquataly  daaerlbad  alaawhare;  hanea»  only 
pbyaloetaanUeal  protection  ia  atraaaad. 

To  resist  seasonal  freesinQ.  Soviet  spaeiallata  uaad  NaCl. 
KCl,  MgCl2r  MgSO^.  and  other  ehamloals  that  paotaot  only  to 
-  1S"C  with  cooaidarabila  (up  ta  S  hg/eu  ai  apaelfle  eonaump- 
tfoA.  MtMoua  aolutloaa  of  allloonaa  hava  baan  tMad  laioly  to 
ptavaat  aaaaonal  ftaaalnQ.  Scant  knowladga  of  tha  nature  of 
interaction  between  ctaamlcal  agents  and  fiosan  looaa  aolla 
and  uncoordinatad  naaareh  an  the  main  difficulties  in 
pfavanting  aaaaonal  Craaalno  fay  ^aiMdiaaiteal  natfaoda. 

Much  atore  deUnlta  and  satlafaetory  taeiinlcal  and  aoMoaUc 
reaulta  are  ahown  by  aquaoua-thamal  aaiaUeratimis  [ t ,  Sl. 
Tha  aliaptoat  an  in  ganarel  uaa  far  Saviat  mining;  tivay  add 
eonaldarabiy  le  pnltndnary  dlalntagretlon  and  thawing  and. 
aignlfteaatly,  thay  can  greatly  laipiova  aunlng  aqulpaiant  by 
daereaalng  atrength  eauaad  by  thd  freaslng  of  looaa  aella. 
Haat  oonaufflptlon  for  thawing  ilaaa  with  loa  aattratfon  wlihln 
tha  fbllewing  Umiu; 


lea  aaturauon  of  tha 

soil.  % 

Heat  needed  to  thaw  1  cu  m  of 
aoll.  lOOOkg-ctal 


10 


20  30 


40 


le      24      33  42 


SO 


A  complex  of  amelioration  measures  suit.jbl.?  for  Inc.ji  cor- 
ditions  makes  it  possiblo,  within  p1.3ct1c.5hlc  periods,  "o 
reduce  ice  saturation  ot  ihv  u[jp<_'r  ■i.tr.it.3  n1  ^oils  to  3  minimun 
correspondittg  to  the  optimum  moisture  content  for  the  adopted 


method  of  preparing  for  excavation.   Artiflcal  reduction  of 
water  content  by  amelioration  shows  the  remarkable  effective- 
ness of  thi^  method  of  protection  from  seasonal  freezing. 
While  moisture  content  increases  attd  approaches  the  optimum 
figure,  thermal  resistance  of  the  soil  rises,  which  allows 
better  use  of  Insulating  covers  on  previously  drained  land. 

Even  more  important  is  obtaining  the  optimum  moisture 
content  to  get  lower  heat  consumption  for  depth  thawing  and 
reduced  resistance  of  frozen  soils  to  cutting  attd  Other  kinds 
of  mechanical  disintegration.  The  latter  statement  la  8lgnl« 
fleam,  as  mining  equipment  produced  today  is  not  ganenlly 
suitable  for  northern  climatic  coitditlona  aa  ragarda  powar 
cepaeity.  design  or  materials,  and.  In  partieidar,  for 
excavating  very  hard  frozen  soils. 

Most  powerful  excavators  produced  In  the  Soviet  Union  and 
abroad  have  a  cutting  stress  up  to  300  kg  for  1  cm  of  the  lip'a 
edge.  Most  bulldozers,  graders,  and  other  mining  machlnaiy 
have  a  considerably  sm-slier  stress,  while  a  specific  stress  up 
to  1000  kg  cm  and  more  ;s  n-ioded  to  work  in  massive  frozen 
lOcks  referred  to  in  M.  M.  Fiotodyakonov's  firmness  scale  aa 
catetorles  4  and  5. 

Baaldas  inadequate  power  capacity ,  other  drawbacka  oeeur. 
Naw  aUnlng  equipment  for  opencut  working- basic  and  aux- 
lUacy  aaaamUlas  of  nadnaklng,  building  and  mining 
machinery  that  are  unfit  for  arctic  conditions— are  too  often 

conaldarad  baale.  Tha  baale  design  la  provldad  with  a  naw 
woriUng  part  of  Impiovad  atiangth.  Lack  ot  atrength  in  sdnlng 
BWGihtpaa  la  iwt  die  only  dnwtecfc  hf  odaif  ag  lhair  uaa  in 
northam  nglona.  Moat  awdan  amavafora,  traetora,  bull- 
doaarat  Md  aenpara  hava  ayatama  of  greasing,  cooling, 
Igattlen,  and  flaxlMa  eoDnaetlona  which  cannot  operate  at 
low  taaipaiMuraa.  AnavaawaraamlatakalauslngonUnaiy 
low  oarbon  steals  that  are  fast  wearing  and  brittle  at  low 
taaiparaturos. 

In  designing  mimng  equipment  for  excavating  frozen  soils, 
major  aaphasla  ahould  faa  placed  on:  l .  Raising  power  capa- 

and  atnngtlieBlng  tha  construction  of  rock  and  earth 
machlnary,  and  2.  deslgnlttg  economleal.  energy  saving, 
mining  machines  In  which  physical  principles  of  disintegrat- 
ing frozen  soils  known  today  are  store  fully  applied. 

Mvantages  ol  powerful  mining  equipment  spedflcally 
daatgnad  fbr  excavating  frozen  soils  have  been  discussed 
widaly  enough.  Less  known  are  results  of  work  aimed  at 
designing  mlrUng  machinery  based  on  physical  principles  of 
soil  disintagration,  which  are  still  not  applied  in  mining 
pnctlcea.  The  effect  of  vlbroshock  is  especially  noteworthy. 

Data  from  the  Urals  Polytechnlcal  Institute  show  that  power 
consumption  by  vlbroshock  machines  working  in  frozen  soils 
does  not  exceed  0.4S  kw-hour/cu  m,  white  the  capacity  o( 
soTie  experimental  machines,  far  from  perfect,  is  2.2  ::u  m/Viour 
ptrt  kw  of  rxsminal  power.    Vlbroshock,  though.  13  not  the  only 
promising  method  (or  efficiently  disinto'jr  itiny  frozen  soils  in 
mass;  no  less  interesting  results  are  provided  by  thermal 
Cuttjny  bv  circular  friction  saws,  and  chipping  in  lane  blockfc 

Ir.  the  fijfjro.  while  desitjnlmj  Tiachlnery  ."specifically  lor 
excavatir/tj  frozen  ground,  studi-  s  :  ,  jM  ■"onsii;rT  iiyn.inuc 
loads  as  applied  to  raininr;  equipment,  which  up  10  r,ow  have 
not  been  studied  adequately. 

Some  Soviet  and  forelrjn  enterprise?,  aCafi  a  machir.e  '.at 
heavier  lo-ads  temporarily  by  replacing  the  .tct.ve  part  with 
one  that  13  stroncer  and  sxallcr.    .S.jrh  n-piacrmcr-.t  .illow? 
the  specific  force  to  mcrea.'.e  within  thi-  -".anic  :-<";rur-.,'i  I  power 
cap^icUy,  thus  enabling  one  to  r.jn  thf  n-.,Trhjr.r  ur-rliT  he.jvior 
operating  condition.'..    Ni-w  i!f;iyn:,  nf  rr.ir.ir.y  ni.:ichinery 
should  Orts**  maintcn.mro  hy  iriror;>r.:.raTiriy  simple  devices  to 
iiTiptove  inuul.'.tliin ,  .Dnd  local  yreasirf-j  assembly  heatirtg 
sy-jten-j.   Cooling  and  feed  systems  should  be  modernized 
and  the  working  (teca  Of  the  oparaior  should  be  made  man 

comfort.^hlc- 

.Repl.iciiig  low- r.3tlir>r) ,  low-alloy  steel  by  frost- re. ■ilstant 
nan<!ane.'.e  .-.tcel  with  .idcrpjate  addition  of  vanadium.  In 
import. int  ::t:uctur.jl  assemblies  :s  indispensable  for  progri::;s 
in  desiijnltig  n'-w  rr.lrariy  cquipnent  for  opencase  excavation  in 
thi^  North.    H'-plaring  ropes  and  rubber,  now  often  ■u.if'd,  which 
become  nonclastic  at  low  temperatures,  by  flexible  and  frost- 
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raaiataat  kinds  apccilleaUy  sdlustad  for  northwn  oondltlons 
la  no  laaa  aaeaaaaiy. 

In  ooneluslon,  apaelallaad  nlnlns  aiaehliMry  la  naadad  for 
fmmn  aolla.  Ptirthar  lavrowaaiaiit  o(  anaigy  saving  bar  type 
■aachlnaa  ara  raoonaiandad  for  digging  nanow  tranches  In  a 
layer  of  aoll  (aand.  sandy  loam,  olayey  loam,  clay)  aoaaon- 
aUy  ftomn  on  the  surfaea.  wMeh  oonialn  a  faw  larva  Inolu- 
slons-  Whan  iarga  Inelualons  Mndar  euttlng  (or  vihon  tt  ta 
naeassary  to  axeavata  vary  ooaraa  sralnad  Quatarnaxy 
dapoaita  fioaan  to  a  oonaldaraUa  dapUi).  it  la  possibly 
Bufflelantly  affaeUiva  to  an>ly  tba  prtnelpla  of  forea  loosan- 
Intf.  This  prtnelpla,  aeooidlng  to  aoaia  SovlM  and  forolgn 
data,  la  taehnoIogleaUy  and  aeonoaUeally  acoaplabio. 

Mao  naadad  uador  northam  conditions  ara  aalf-ptopallad, 
powarful,  combiaad  vlbrapereuaalon  naehlna  loadars.  adjustad 
tor  aiteavatliia  both  aaaaenalty  and  paiannlaUy  fioxan  soils  in 
a  eenUttuoua  faea  l7l. 

With  Inqxovad  deslffn  and  well-oiyanlsed  production  and 
nwlnlananca,  this  nlalng  machinery  (bar  type,  heavy  rippers, 
and  vUnopaioussfon  machine  loaders)  will  adequately  meet 
tho  demand  for  mechanization  in  excavating  (rosen  rocks  while 
constnictlng  installations,  laying  utilities  and  drainage  sys- 
tems,  and  exploiting  small  and  medium  sized  mineral  deposits. 

Development  of  more  precise  estimates  of  energy  consump- 
tion In  the  process  of  disintegration  with  various  simple  forms 
of  daformatlon  will  provide  still  more  accurate  estimates  of 
basic  design  deformations  while  designing  mining  e;  jipment  on 
principles  of  physics  and  aiecbaiUcs.  Studies  and  further 
progress  in  thaimopnauoiatlc  hole  drilling  and  electrothermic 
methods,  and  artificial  sMMV>cover  fonnatton  to  resist  freezing, 
should.  In  our  opinion,  also  be  promoted.  Further  studies  of 


beat  aaialloratlon  Should  ptoduoa  widar  and  battar  us*  of 
natural  tfieraial  pRM»ssas  tor  xeduelng  powrar  oonsumptien  in 
axcavatlng  boaan  soils.  Most  pmaaslna  tor  hast  aoiallomtion 
of  fioaen  soUa  la  the  owHiod  of  oowerlng  the  surface  nrlth  hoat 
transparant  films,  but  Ita  technology  la  not  ywt  adequately 
davaloped. 

"Cumm  Status."  which  Is  th«  first  part  of  this  paper,  won 
written  by  V.  P.  BakakM.  The  rest  of  the  paper  waa  the  work 
of  A.  N.  Zolanln. 
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The  study  of  ground  in  pcrmalrosl  <trc'js  dlHers  frtrm  that  In 
other  areas  because  of  phase  transition  of  water  and  ctiange 
of  ground  temperature  throughout  the  year.  The  main  proper- 
ties of  sells  change,  i.e.,  bearing  capacity,  tea  content, 
cryogenous  structure,  rheologteal  propartloa,  shunplas  sub- 
sidence behavior,  etc. 

Usually,  the  study  of  frozen  soils  is  conducted  at  con- 
struction sites  together  with  geological,  geomorphologlcal. 
and  hydrogeological  prospecting  of  the  region.  Frozen  soils 
are  studied  not  only  for  various  pfaysicontechanical  and 
thermal  properties,  structure,  temperature,  and  depth  of 
thawing,  but  also  lor  definite  genetic  relationships  of  frozen 
soils  to  some  phenomena  usually  accompanying  then  I.e., 
thermokarst  depressions,  frost-heaving  mounds,  frost  cracks. 
Icing,  sohfluctlon,  etc. 

Much  attention  Is  being  paid  to  study  of  saasonally  frozen 
ground.  Geocryotogloal onglnaarlng  rasearcb  Involvea  the 
following  problems: 

1 .  Determination  of  tba  auitabillty  ol  the  surveyed  alta  for 
construction  considering  subsidence  of  the  active  layer, 
heaving  of  tba  active  layer.  Icing,  etc. 

2 .  Selection  of  a  method  for  ttia  use  of  foundation  aolls , 
types  of  foundattenst  and  types  of  bulldtofls  and  atnicturas. 

3.  Detemlnatlon  of  phyalcoe>achanteal  and  ihentophyalcal 
properties  of  frotan  aoll  to  SMka  It  praalbln  to  design  the 
foundation  aecordlng  to  llmltlnp  <»adltlans. 

4.  DevalopaMnt  of  methods  for  oonstiuctlcn  of  foundations. 

5.  l3ewelopmant  of  reelataUnfi,  eonatnietlve.  phyalcoaw- 
ohenical,  tharnopteysieal.  and  phyaleoelianUeal  aeaauraa  to 
prevent  subsidenoe.  heave  and  Iclog,  and  to  control  the 
hydraulic  and  temparatMre  Mgiaw  of  the  aetlwa  layer. 

6.  Consideration  of  possible  changes  to  the  Irceen  soil 
at  the  time  of  oonsiruetloB  and  nelntananoa  of  buUdtags  end 
units , 
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7.  Dct'-rminjtlon  of  dralr.jgc  conditions  of  the  construc- 
tion site,  sjrfocc  runoff,  diversion  of  sewage  and  Industrial 
wastes,  etc. 

liVher.  cor.structior.  Is  ur.dertaHen  at  new  sites,  investiga- 
tion IS  carrli^d  out  In  three  sta<i'  >i :    (  j)  General  layout « 
(t))  project  pjar. ,  and  (c)  working  .lrav,-ings. 

With  the  data  required  for  the  gi-m  ial  Uiyout  stage  avail- 
able, the  l:iVH stlgaiiur.  conij-Tl-n.-s  ■,:,tiM-r.  (l;  and  (c)  only. 

Research  ill  the  staqf  i.l  genernl  lisi  ul  j  i     .n  .I'.i  n  i;i 
Ciirrled  out  to  nbttim  !he  giTiiH.il  chdr.n mristic  ol  construction 
cor.dlUons  dl  the  site  .is  well       to  make  it  pOSSlblS  tO  SelOet 
the  most  favorable  sites  for  construction. 

For  the  purpose  of  obtaining  data  characterizing  the  geo- 
logical and  frozen  ground  conditions,  It  Is  advisable  that  In 
the  general  layout  research  there  should  t>e  wide  use  of  alr- 
photns,  aiTuvlsual  .ind  aiTohydtonieulcal  observations,  as 
wril  a»  giT'logicijI  interiTi-tation  of  airphotos.   To  <^nsurc 
more  precise  and  detailed  Interpretation  of  vogotatlon,  frozen 
ground  forms,  and  mlcroreilef.  In  addition  to  the  usual  aerial 
survey,  it  la  advisable  to  perform  persf-fctive  and  3f«ctro- 
Zij-.,iJ  th-j'.i  yt.iphlc  surveys.   The  content  an:i  :!iMturnc:i^  ul  the 
ai'iial  pl-.u; iiyiitphy  survey  are  af*ctfied  In  f:<'it:ii['n:  in^cuc- 

tl'.ir.:.  . 

Resr  jirch  work  for  the  project  I'lan  stage  is  reriormed  at  the 
mos:  techi. lea lly  and  economic d Uy  favorable  sues.  IXirlng 
thi.1  research,  the  amount  v^nd  composition  of  additional 
frozen-ground  study  to  be  made  when  Implementing  the  working 
drawings  should  be  specified. 

Investigations  at  the  "blueprint"  stage  ara  earned  out  at 
a  previously  aelected  site  or  in  a  building  to  obtain  data 
naceaaary  fbr  preparation  of  the  working  drawings. 

These  Investigations  are  required  for  detailed  and  final 
cooidlnatlon  of  availabto  data  on  trefen>ground  cooditlona 
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obtained  by  ilw  ninwya  perfonned  at  the  preceding  stage  as 
well  at  for  spaetfylog  powlbla  ctaanget  of  them  cxndluoiM 
during  oooatructloci  and  opanttan. 

Hm  shidy  of  itennaJroat  and  aaaoclatad  phenomana  dapanda 
OR  dw  tlBM  faolor.  Aelually,  If  tba  «aolo«leat  propaitiaa  of  tho 
grauDd  bayond  thapanMHroat  araa  an  netaubjaetad  to  changaa 
wldiln  a  yaar.  or  ckango  only  Inalonlfloantlr,  tha  chanvaa  to 
tba  pannafroat  ana  |»par  aiay  ba  vary  oonaldaraMa  due  to 
waiar  jihaaa  tranalttona  and  rodt  tanworMim  dianga 
ib«  year.  Ihesa  cbangea  of  grouad  charaetartaUoa  ara 
of  baarlag  eapaelty  wltMa  a  yaar,  oonpraaalMUty,  haava, 
Idng.  oryoganoua  toxtura.  ihaelogloal  prepaitlaa,  appaaranoa 
and  dlHpipearanoa  of  koat  flaauraa.  ica  bodiaa,  eryoganoua 
praaaure  In  laaaonaUy  ftocan  groundHiratar  table,  and 
aaaaonal  froat  novnda . 

lharafora,  tba  gaecryological  aite  aurvay  ta  parftamad 
ataadlly  for  a  yaar,  or  In  yearly  cyclaa,  or  during  tha  Most 
charaetarlatlc  period,  i.e.,  the  period  of  aiajclamn  iraaslng 
and  tbawing .  Hie  alM  of  the  aurvnya  la  to  daiamilna  the  range 
of  ttaa-gualltativa  and  -guantttatlva  ehangas  of  tba  aetia  at 
tha  atta. 

Tha  aawwit  of  aaaaonal  thawing  and  fraeslng  la  determined 
In  the  period  of  the  naxlmum  thawing  by  soiuidlnga,  geophys- 
ical mcthoda  uabig  electrical  profiling,  mlcroselsmlcs,  and 
cryopedooetara  of  various  designs.  Cryopedometers  opersitng 
on  a  principle  of  electrical  resistance  variation  of  frOMA  and 
thawed  ground  axe  widely  used  in  Invcatigosions. 

In  recent  geooryological  aurveys ,  a  method  o(  docorminina 
seasonal  thawing  depth  of  the  soils  by  their  cryogenous  tex- 
ture was  developed.  Detailed  study  ol  the  depth  of  soli  by  Its 
texture  makes  it  possible  at  any  time  to  determine  precisely 
the  depth  of  thawing  for  prerfrilnc;  yi-;irs.  The  best  results 
have  bren  obtained  lor  loamy  ground  with  cWarly  dilferenliated 
taxturo  of  seasonally  frocan  ground  and  of  yotuid  froxan  for 

several  years . 

The  relationship  between  physical  and  mechanical  proper- 
ties of  th"  loose  soli  and  phase  condition  of  water  contained 
in  It  rcq^lre-i  i^cclal  study  of  soils  In  their  natural  frozen 
state.   Jneielute  ,  It  is  very  Important  that  the  main  soil  char- 
acteristics necessary  for  cjeslgr.  work  be  obtained  ol  the  site. 
Design  work  Includes  manufacturlr.g  of  portable  instruments 
arid  devices  to  study  the  proj  it;  Ir  5  oi  th''  frozen  ijrrjur.d,  i.e., 
unit  weight.  Ice  content,  thaw  consohdauon ,  bearing  ccip,2- 
cily,  etc.    Equally  important  Is  the  development  o;  -.hn  rr.ost 
el(ec:tlve  method  lor  prTir>ec;inrj  borlna  to  takfi  the  soli  sam- 
ples.   Recently,  core  clrl  Hinn  of  if  ozcr;  ground  by  preOOOlod 
comprcliSi^d  air  hits  boon  widely  practiced. 

Comprehensive  study  of  permafrost  and  saasooalty  froxeti 
grouad  should  result  in  deiaraitnatlon  of  tboaa  characMrlatlea 
ragulred  for  designing  structural  foundations. 

Tha  following  cfaaraetarlstlcs  of  the  grouad  ara  naoaaaary 
for  daaign  on  die  principle  of  limiting  stouehual  dnftamatlona; 
Coafflclents  of  thawing,  oonaoUdathm,  preaaw*  dtstrllNitlon, 
and  thermophyslcal  ooefflctents,  etc.  [3]. 

By  correlating  tho  results  ol  many  tests  for  \hv  rhyslcal 
properties  of  soils  whe.T  determining  the  above  coefficients 
and  factors,  relationships  and  formulas  have  been  estLibllshcd 
for  determining  the  coefficients  Indirectly,  without  ;.iboraiory 
or  Held  tests. 

It  IS  necessary  to  kr<ow  four  mam  physical  characteiistlcs 
of  the  soils:   (a)  Unit  weight  of  nir.ei.ii  i:<!rtic;es  (>i);  (h>  total 
water  content  (Wj)  with  respect  to  lh<»  weight  of  dry  soil;  (d 
amount  of  unfrozen  water  (w^:  and  M  unit  weight  of  Ctoma 
undisturbed  soil  ■ 

lhase  characteristics  arc  ol  great  Importance  because  ihey 
daiarailnc  thermophyslcal  and  mechanical  properties  of  the 
groutkd.   However,  the  characteristics  can  be  deterirur.cd  uy 
a  mora  rajr  ld  ,ind  simple  method  based  on  known  relationships: 
lha  apec.iK-  weight  (>))  can  be  determined  from  tabulated 
avanga  values  (Table  I);  the  total  water  content  of  the  soil 
|W|),  tem  unit  weight  data;  amount  of  unfrozen  water  (Wj)  , 
froai  watar  content  at  the  plasuc  limit  and  maximum  molecuier 
BMlatura  eapaelty;  and  unit  weight  of  Mil  (r^  from  its  water 
oofttent* 


l^la  I.  Maan  valuaa  of  gnbi  unit  walgiht  W^i 


V|  (g/«u  on) 


Standard  Deviations 


SfiiUm  M9*     mm  Ww^ 

Claywloeiis       Jin        fit  M.MMy 


Claiyay  toeas 
Sandy  loaas 
Band 

Sandy  graval 


2,71 
2.70 
2.S6 
2.SS 


JSL 


2,70 
2.S7 
2.S7 


M.O0S7 
M.OOSS 
M.0079 


10.32 

±0.21 
M.2« 


]ji  L|it:e  of  subsidence  if  ptirmafrost  Cj  Is  dotormlned  from 
the  value  of  Its  relative  thaw  consolidation  at  a  pressure  of 
p|  ■  1  kg/aq  era  by 
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(1) 


where  y^  is  the  expfjrlmentally  deLernuuetl  Viiiue  of  dry  unit 
weight  ot  fi::z<'n  iiril  in  kg/'cj  cm  on  thaw.nt;  .it     prc3si.irc  of 
P  -  1  kg/sq  en;  snj       .s  dry  unit  weight  of  the  same  soil  In 
6  .'r.jzen  .randitlDn  . 

Tne  sell  15  considered  to  be  nonsubsldant  at  a  value  of 
I  -  c.  ij  J .  subsidcnt «  0.03  <»i*  0.1,  and  sttongly  subsi- 

dent  al  e  j  >  0  . 1  . 

D«grec  of  heove  of  tho  aettwB  layoT  Is  eoovantloBBUy 

determined  (ro.Ti 


(2) 


Where  V  la  Ow  axpartaienully  dalatalaad  vabia  of  dry  unit 
weight  of  frosan  soil  In  bssved  ooadlltaw  and  V*  is  dry  unit 
weight  of  the  saote  soil,  lhawsd  wlihaut  load. 

With     ^  0.01.  the  ground  la  eoBsUsrad  to  be  pnetioally 
nonhaavlng,  widi  0.01  <»r*  (^'l^'  Iwevbig,  and  with 
•r  >  0.04,  sMogly  haavtaig* 

Tha  standard  deformation  value  of  the  firaet  heawa  of  foun- 
datlottB  la  detarmlned  In  em  fey 
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where  e'  is  the  standard  relative  foundation  hoavc  (Table  II); 
hg  Is  relative  heavo  of  active  layer:  Equal  to  standard  thlck- 
riess  of  active  layer  h^  with  a  reduction  coefficient  for  sandy 
soils  of  0.7  and  for  clay  soils,  of  O.S;  value  h^  is  dotenninad 
according  to  tho  current  standard  SN  91-60.  ' 

Tho  limiting  value  of  foundation  hoavo  Is  determined  from 
the  strength  and  operation  tolerance  of  structures;  and  m  Is 
the  coefficient  of  working  conditions:  Equal  to  1.2  for  atruo- 
turcs  sensitive  to  differential  settlements,  and  equal  to  1  for 
structures  of  low  aensitivlty  to  differential  settlameats. 


Table  n.  Standard  relative  heave  of  foundations  (e!^)  lin 
fraotlons  of  thickness  of  heaving  active  viejftA 


Soil  type^ 


Heave  (e^)  at  a  starKlard  pressure  Of 
in  %  of  Its  standard  value  r' 
0  20         40         feO         HI)  100 


Clayey  loams 
Sandy  loams 

and  sands,  fine 

and  slltv 


0.1 


0.07S    0.05      0.035  O.OIS 


0.06     0.03     0.02     B.0I5  D.Ol 


soil  is  saturated  at  a  high  water  content;  pennstost  la  een> 
tlnuous;  mean  annual  air  temperature  in  January  la  -2S*C{ 
lengdi  of  heave  period  la  4  ownths/year;  avenge  temperature 
of  the  active  layer  In  tiie  heave  period  is  -t'C;  displacement 
difference  Is  so. S  of  the  tralite  ef .  HMve  defwmellijna  (e^) 
are  given  In  fraotlons  of  geiMral  aUckneas  of  heaving  aotlve 
layer  for  condltlone  of  the  open  atle;  If  tlieranihydrauUe  tnsu- 
letion  Is  used  en  the  ground  awfaea,  Its  affect  le  detsnslnod 
by  calculation. 


aalatlanahtpe  are  obtained  by  the  correletten  of  1 
tel  data  for  detormlntng  Wi  aitd  y».  The  tdiaraetarletle  values 
are  Usted  In  Table  in. 
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inr. 


(4) 
(S) 


Tdble  ill.  Values  ol  parameters  d  dnd  b  in  (4)  ■ 


Vi 

try  «w 

It  Mil 

TaUy  Mtuntad  soil 

Soil  IVM 

a 

t> 

a 

b 

C  layoy  iMflW 

0 

a? 

0.»l 

i  .05 

0.84 

Sandy  loams 

0 

72 

1.29 

0.91 

1.01 

Sand 

0 

83 

0.98 

1.02 

0.80 

Sandy  oravel  

-JL 

1.43 

0.9S 

Th*  ralUMUty  factor  of  calculated  valuat  ol  wator  oontont 
aad  unit  waight  of  aella     =  0.78  (o  l  .23.  VaJuoa  of 
aty  bo  dttwaliMd  by  noana  of  iha  oalorUMirle  owthod. 

•y  aaalyalnv  tho  laaulta  of  faooryotooleal  naaaicli.  tho 
lam  of  teiatlowaKtp  of  dwmal  and  pbyateal  iiaparUaa  of  aoils 
bwa  bean  oatabllahod  and  laehnlquaa  for  rapid  datonUnation 
«( tho  tftamophyaical  factors  bawa  baan  davatopad:  Thofaal 
oondiietlvity  (X) .  thataaal  diffuatvlty  W .  and  voluaiatne  haat 
capacity  {<3 ,  accocding  lo  thnir  phyaleal  eharaetarlsttca:  Unit 
walght,  watar  ogatant.  and  d»w*a  of  aaiuratlon  <8N91-$a) . 

The  auied  physical  paranatara  daiermtna  dw  oomapondtag 
vafeMS  of  soil  dianDQphysical  faotors.  A  root  awan  sqaara 
arror  of  ratad  vahias  of  gromd  thamophysleat  factors  la  up  to 
am.  OiiantltatlM  axpreialcna  of  Um  lalatkmahip  an  pra- 
aanud  aa  tablaa.  lociBiilaB,  and  curvaa.  FacKira  X.  and  X. 
ara  of  axponantial  form  given  by 


2.C 


(6) 


Iha  Man  valuaa  of  a.  b,  and  C  of  tha  abovo  xalatlonshlp  are 
gt«M  hi  tabla  IV. 

Iha  voItHBBirle  beat  capactiy  can  also  ba  datandaad  by  tha 
■wtbod  of  addition. 

Baaad  on  voneralUaUon  ol  geocryologleal  {••aarcfa  data, 
an  anglnaartng  aiathod  for  dHanalnatlen  ef  daplb  (h|)  and  rata 
of  thawing  (v)  of  tha  frosan  aoU  basa  has  baan  davalopod. 

Table  IV.  Value  of  parameters  a,  b  aad  C  m  (6) 


^1 

Thawed  soil 

Trozon  soil 

a 

b 

C 

b 

C 

4 

0. 

1  .691 

0,012 

U  .  Ll  b  B 

1.357 

'j.u09 

>> 

8 

0. 

094 

1.509 

0.013 

II  .  1  US 

1  .611 

0.010 

0 

16 

0. 

140 

1 .279 

0.007 

U.  Ibb 

1  .412 

0.005 

M 

20 

0. 

205 

1 .107 

-0.013 

0.199 

1.358 

-0.007 

25 

Ot 

220 

1.112 

-0,024 

0.259 

1 .241 

-0.014 

H 

0. 

038 

1  .989 

0.018 

0.084 

1  .426 

0.017 

Ol 

>• 

18 

0. 

101 

1 .378 

0.006 

0.114 

1.449 

0.008 

s 

O 
■ 

27 

0. 

158 

1.162 

0.004 

0.191 

1.242 

-0.018 

o 

40 

0. 

22! 

1  .012 

-0,009 

0,311 

1 ,017 

0.007 

(houl):  q  la  the  latent  heal  of  the  thawing  frosan  aoiU  Cj  2 
tha  volunatrlc  heat  capacity  of  the  frozen  and  unftosan  ground 
In  ICcal/cum(*0:  and  4^  is  tho  thickness  in  meters  of  tho  soil 
layer  h^ivlng  -.hP  .s.im>'  thfn-i.i:  n'.-i:sf.ir;co  ns  the  f.oor  strjctjre. 

Equation  (7)  ccnslders  the  olfoL'ti  of  tho  structute  alze  and 
plan  shape . 

The  rate  at  thaw  is  tJi<j  thawing  depth  beneath  a  foundation 
during  a  year  of  :iuuctui<!  u^>- .  It  Is  datsmlnad  by  tha  follow- 
ing (or  Ti  -  I  vrsr  (8760  hours). 


»2n+l 


'2n 


•n+l 


la  mfyw 


Thu  lU'i  -h  of  ih>iw     undar  tha  adga  of  tha  aSttclm  Is 

roughly  duCcrmlnad  by 

hj  •  Khj  r 


where  K  Is  an  empirical  ooafflclent. 

The  time  for  thawing  of  tha  soil  undar  tha  SBUotui*  (or  a 
predetermined  depth  in  terms  of  a  two-  or  throa-dlaianalonal 

problem  Is  dotcmmi-d  by 

N  -CjU.St^+O.SljJ 


2*n 


♦  0.5  C|t^ 


hour 


(10) 


as  derived  from  (7). 

So  thrt;  ilil".i-i--a.  il  r-.i-itli-.T.i  :  lo  I  'l  -.hi-  biiil;J:ngs  ^ind  SlTUC- 
turos  dvj        exc«j:-?d  ilkiwi.rd  v.-iluiss,  it  \s  noccasary  to 
tJocru.nai'  the  depth  a-  i  r -.ic  l'I  .     ■     1.  iwing  by  chjn(;ing  the 
thvtma]  inieracUon  ot  t>a*e  soils  with  the  structure  either  by 
vary.ncj  iho  insulation  Of  Uw  RtoHeilva  stnichara  or  cooling 

by  '.'ontil  ition . 

Tho  modified  thickness  of  thormjl  insulation  sufficient  to 
decre<3se  tho  depth  ot  thiwod  scil  undur  the  structure  to  tha 
predetermined  allowed  vjluc  h],  in  terms  Of  a  tMO- Of  ( 
dimensional  problem  is  determined  by 


•bc    [4  -  Cj  (1.9  t^  ♦  O.St^  ♦  O.SCjtjj]  h,^  *  2^ 


(U) 


as  derived  from  (7) . 

The  basic  parameters  of  thaw  consolidation  undar  (MSSura 

are  the  consolidation  coefficient  a^  and  thawing  coattidant  Ao> 

The  method  of  rapid  detensinatlon  of  consolidation  ooaffl'-' 
cients  for  soil  thawed  at  a  pressure  of  up  to  3  kg/sq  cm 
according  to  their  physical  charactarlatlca  has  baan  devel- 
oped ,  based  on  the  results  Of  consolidation  tests  with  large 

soli  sjH  '  irr.'n.-i  In  an  Insulated  oedometer,  d  =  200  mm.  Tbaaa 
tests  were  carried  out  at  two  pressure*. 
(1  and  3  krj  '35  cm).  In  the  cour5>-  of  thawing. 
Resaltt;  <:d  the  consolidation  tests  arc 


P^  aivd  Pj 


This  method  shows  accurately  enough,  as  was  proved  by  com- 
parison with  naiura,  Dia  irua  condltlona  of  Iha  thawing 

process . 

The  foiiowthg  baa  been  pioposad  for  ooovittatloaal 
purposes: 


h,-k^ 


[A 


c,  (1 


9  t  + 

o 


2Xt  T 

 n_ 


0.5 


'2> 


♦  0.5  C,  t 

1  I 


in 


where  It,-  is  the  correctlor;  coefficient  allowing  lor  tho  theirmal 
conditions  of  the  bijildir.g  or  structure  depending  on  slzo;  1^  is 
the  estlmiHted  leirip'erritj.'e  ol  atr  at  the  level  of  the  floor  sur- 
face C^C):  ic,  IS  <hu  ato.idy  loinfH.-r.Hiure  of  the  frozen  ground  at 
the  Icvt.'i  of  zero  annual  ainpliiudi;  (  C)  as  determined  by 
obser/atlon;  t2  IS  the  average  an-'iual  UTnperature  of  the  per- 
mafrost stTJiturr,  from  the  tor  surface  to  the  depth  of  the  zero 
annual  arif  laadt  {"C);  T  13  tho  time  of  the  thawing  of  the  basa 
soil  from  (he  beginning  of  (he  use  of  the  building  or  structure 


•cl 


•e2 


'*o*Vl 


1  ♦  e? 


(12) 


(U) 


where  e 


cl 


and  6  o  mil  values  of  relative  consolidation  of  tho 
c2 


soil  9;-H?L-imens  at  pressures  pj  ••u<i  p^  during  thawing;  cJ  and 
tj  are  the  values  of  the  Initial  void  ratios  for  these  soil  spec- 
imens^ and       and  the  valuaa  Of  ttw  voM ratloB  for 

the  th.lWfd  ^^^.•<•^:JI:l■;•^JS  . 

From  (12)  ind  (13),  the  requliad  oonaoUdatlon  ooafflelanta 

an 


t«f  -  *c2> 


-  t*f  -  *cl>      *  «f> 


(I  ♦  f JKI  ♦  «p  (Pj  -  Pjl 


(14) 
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a  ■ 


cl 


^^2 


(IS) 


"o  c2 

GaminliSBtIm  of  the  test  data  has  resulted  in  maibamatlcal 
expnaalona  far  daMmlMtlOR  o(  the  lactora  ao  and  Aq  wMitn 
tha  pnwun        «f  9  ■  I  to  •  Waq  cm.  Tliaaa  axpraaaions 


(in 


(10 


VjIuij;;  tlie  parameters  j,-,  .ir.ri  :iie  show.  Ir.  Tabla  V; 
Is  tha  correction  ooetflctent  varying  liom  0.7  to  1.6. 


of  .5:id 

A^,  for  (U) 

and  (18) 

a 

0 

Ao 

Sotl  type 

a 

c 

a 

C 

Clayey  loams 

o.oue 

0.0213 

0.0762 

-0  . 

0008 

Sandy  loams 

0.0135 

0.0194 

0.0644 

0. 

0030 

Sdnd 

0.0125 

0.0138 

0.0755 

-0. 

0125 

0.0122 

0.0107 

0.07$6 

-Of 

0196 

For  calculation  of  possible  foundation 
ing  soil,  N.  A.  Tsytovich  propoaad  tha 
aMthod  of  an  eciulvalant  layer. 


an  ttaw- 
on  Qm 


(19) 


I  Aq]  and  a^i  are  the  reduced  coefflctenta  of  thawing  and 
diaw-aonaolldat)on  which  determine  ground  settlement:  fql  1* 
Mm  area  0(  the  diagram  oi  consol^datto.-.  pre.i&iire  due  to  uie 
walght  of  aoil  layers  (to  tha  depth  o(  thawing);  tii  ia  tha  thick - 
nata  of  a  layer  e(  Uwwed  tolli  hg  is  tho  thickness  of  tha 
e<iulvalent  soil  layer;  p  is  external  oonsoUdation  fcaaaun; 
and  Z|  is  the  distance  from  the  mlddla  of  tha  conaidarad  layar 
of  thawed  soil  to  the  depth  2hg . 

To  make  a  more  precise  calculation  o(  tha  total  feuadation 
II     cm  Sonthathaarad  solid  has*,  V.  P.  Ushkalov  has 

i.tay.o-j<i<i 


ln< 


(2« 


Sj  IS  the  thaw  settlement  within  the  aOBfl  Of  OOnaoUlla- 
tlon  caused  by  the  foundation:  S2  is  the  thaw  settlemant 
beyond  the  aone  of  local  oonsoUdauon:      is  the  oonsoUdation 
caused  by  the  weight  of  thawing  soil:  and^S^  is  tha  oonsoUda- 
tion caused  by  the  pressure  imposed  by  tha  foundation. 

Tha  sattlamams  8|  and  S2  occur  throughout  the  thicicn«ss 
of  thawing  soUs,  whereby  tha  settle ment  8,  occurs  within  the 
zon«  of  consolidation  caused  by  the  foundation  (h{> ,  and  tha 
sottlomcnt  S2  Occurs  below  the  zone  of  consolidation  caused 
by  tho  foundation  (ht  -  hf) .    The  coefficient  of  thawing  beyond 
the  zone  of  consolidation  ia  assioaad  equal  to  40%  of  ita  value 
within  the  said  zone  according  to  the  test  results. 

The  settlement      is  caused  by  the  effect  of  the  steadily 
growing  load  of  the  weight  of  thawing  soils  (piJ  within  tha 
Uoilts  of  thawing  (h|)  •  Tha  oonsoUdation  eaanlclant  caused 
by  this  load  is  assumed  to  be  60%  of  the  coefficient  of  oon- 
soUdation caused  by  tha  simultaneously  applied  load. 

The  settlement  8j  is  caused  by  the  foundation.  Tha  depth 
of  tha  local  oonsolidaUon  zone  is  I .  S  to  2.  S  times  the  width 
of  tha  foundation  and  may  ba  less  than  tha  depth  of  thaw. 
Tha  sattlamaDt  8^  pioeaoda  with  tha  Unltad  peasiUlity  of 
Uon  of  Ob  giound  which  la  eensldarad  with 


tha  lataral  axpaaalon  1 
tha  ceaffldant  x. 

Hawlag  imt  the  valuea  of  tha  Items  Into  (201 ,  tha  axptaaalOB 
far  ftm  Wtal  sattlamant  of  die  foundation  On  tha  thawlag-basa 
aoU  Is  obtained. 


=  e;  Vfi  *     !.[  *oi^ii  -  V  *  Wu 

*  E^vmrti  (21) 


where  si  la  tha  ooattlciant  taken  tnm  Table  VI. 


Table  VI.  Values  oi  coalilcicnt  a 


Rectangular  foundation  base  with  side  ratio  a:b 


Scheme  I 

ac 

dieme  11 

Scheme  III 

10 

10 

10 

1 

3 

plus 

1 

2 

clus 

I 

3 

dIuS 

D 

1.00 

1 .00 

1 .00 

1 .00 

1 .00 

1.00 

1 .00 

1 .00 

1.00 

0.I2S 

0.97 

0.98 

0.98 

0.98 

0.99 

1.01 

1.01 

1.01 

1.01 

Q.2S0 

0.93 

0.9S 

0.95 

0.95 

0.97 

0.97 

1.06 

1.03 

1.03 

0.97S 

0.83 

0.88 

0.88 

0.80 

0.88 

0.88 

1.08 

1.06 

1.06 

o.soo 

0.76 

0.84 

0.84 

0.70 

0.82 

0.82 

1.03 

1.03 

1.03 

0.750 

0.60 

0.73 

0.73 

O.Ad 

0.68 

0.68 

0.76 

0.91 

0.90 

1.000 

0.46 

Q.sa 

0.60 

0.34 

0.53 

0.5S 

0.54 

0.77 

0.76 

1.250 

0.33 

0.47 

0.51 

0.26 

0.44 

0.48 

0.40 

0.6S 

0.64 

l.SOO 

0.22 

0.37 

0.43 

0.18 

0.35 

0.40 

0.30 

0.5S 

0.S6 

2.000 

0.09 

0.20 

0.28 

0.11 

0.24 

0.31 

0.19 

0.39 

0.44 

2.500 

0.02 

0.09 

0.18 

0.08 

0.19 

0.26 

0.13 

0.29 

0.36 

3.000 

0.05 

0.12 

0.05 

0.13 

0.21 

0.10 

0.23 

0.31 

3. SOD 

0.03 

0.08 

0.04 

0.11 

0.19 

0.07 

0.17 

0.26 

4.000 

* .  ■ . 

0.02 

0.06 

0.03 

0.08 

0.16 

O.OS 

0.13 

0.23 

4.500 

0.04 

0.03 

0.07 

O.IS 

0.04 

0.11 

0.21 

5.000 

a  e  a  e 

0.03 

0.02 

0.05 

0.13 

0.03 

0.09 

0.18 

6.000 

0.02 

0.10 

O.OS 

0.14 

When  the  lhawir.g  depth  lies  within  the  limits  of  the  con- 
solidation zone,  thf  soconti  '.orm  ol  ihn  equation  falls  out  and 
only  three  termf.  reriMln. 

The  settlement  rate  is  determined  by  the  amount  of  settle- 
ment in  a  yoctr  of  building  use. 

Table  VI  presorts  the  value  of  the  a  coefficient  for  three 
different  design  scherr.es  to  consider  the  variations  of  the 
foundation  pressure  In  the  soil  depending  on  the  depth  of  the 
layer,  the  shape  of  the  :::und<ition  base,  and  the  z  to  b  ratio. 

Scheme  I  has  been  plotted  according  to  the  results  of  field 
to^as  performed  by  V.  P.  Ushkalov.  scheme  n  according  to 
Nrri'  127-55  (for  thawed  soils),  and  scheme  III  according  to 
Nrru  llB-34  (by  M.  I.  Gorbunov-Posadov) . 

Our  scherr.e  of  pressure  distribution  (scheme  I)  Is  useful  for 
sandy  'inur,  with  density  (D)  <  0.7,  Or  clay  soils  with  consist- 
ency  (Ed  ^  O  aitd  thickness  of  the  compressed  layer  (z)  >  tha 
width  of  the  least  side  of  the  foundation  base  (b) . 

According  to  schama  U,  tha  value  of  a  can  be  used  for  da- 
terminaUon  of  prassurs  la  alasUc  and  compact  thswins  soils 
with  a  rigid  grain  structure,  with  thleknaaa  (d  *  3b,  at  density 
(El  >  0.7  or  eonslataney  (Et  <  O. 

Wllh  A*  kisignlf  loaat  thleknaaa  of  lha  layer  of  tta  elastic 
and  ocmpaot  sandy  thawing  aoU«  wlisva  a  *  O.Sb«  Mpportad 
by  an  btoompresslbla  (badnaold  baaa,  fta  fiasswe  dlainbtttlon 
awy  ba  asawaad  aoooiding  to  aohana  ID  (eaaooaaratsd 
oomprasslon). 

lha  araa  of  tha  diagram  of  (raasuia  diairtbutloii  aceorilng 
to  schama  I  avaragaa  80X  laaa  than  that  aoooRUng  to 
I  m,  and  2096  laaa  than  lha  area  aoeordbm  to 

n. 

The  vahMS  of  lha  total  differential  water  contents  of  the 
firosan  aoUa  and  Ihalr  unit  walghta  can  also  ba  dalanalnad  by 
Invaatlgating  ilia  ayoganaua  taxtuia  of  tha  aolla. 

lha  sManlng  of  tha  'soil  ccyoganous  taxtura"  Inehidaa  the 
atmctiira  of  tha  sotl  dapendteg  on  tha  transition  of  waisr  Into 
lea,  and  daftiwd  by  (a)  ttw  eentont  of  taa  Inclualona  tubieh 
occur  during  fraacing,  (U  diair  shape,  size,  and  location, 

and  (c)  the  size,  shape,  and  location  of  mineral  layers. 

The  water  content  of  a  frozen  soli  is  composed  of  three 
parts:  Unfrozen  water  {W^  ,  ice  cement  (Wj) ,  and  ice  inclu- 
(W^) .  The  sum  of  these  is  the  total  water  content . 
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Only  Wp      .  and  W2  ■!»  dfttannlmd  dlMclly:  W3  and  W4 

ara  calculated  from 


W. 


w  =  w  -  w, 

4  15 


W2  depends  mainly  on  the  type  o(  soil  an4  its  temperature. 
Therefore ,  W2  ts  dMMntMd  u  SIM  teboratorl**  by  a  oalo- 

rlmetric  method. 

IS  determifvad  in  tile  field  by  spaeUMnt  takan  tnm 

frozen  mineral  layers  without  ioe  Inchisiona. 

Wj  IS  determined  at  the  laboratory  by  two  methods,  a  mean 
sample  method  and  pycnoroetrlc  method.   In  the  niean  sample 
method,  the  frozen  soil  specimen  (usually  from  borings)  Is 
weighed  (gj),  then  thawed  and  mixed  Into  a  homogeneous 
mass  and  wc-lghed  again  (g^' •  specimen  of  the  mixed  soil 

Is  put  Into  son^plf  bottles  16  cietermine  its  water  content  (W,). 

Tbtal  water  content  Is  calOUltMd  by 


,(10C 


100  g 


2. 


ln« 


(28} 


In  tlM  pyenematrlo  Mtttod,  lout  ««Mr  ooAlent  li  calcu« 
laud  by 


(A-  I) 


-] 


lOOK 


(23) 


tMhara  «|  la  tiia  walght  of  ttk*  fraim  soli  suipla:      is  Iks 
weight  of  the  soil  with  miar  up  lo  lbs  aiark  on  tbs  pyeitoawwr: 
l»  li  dw  vohuM  of  tho  pyenoawtw:       dw  apaclfle  gravity  of 
Blnersl  partietos;  r  ta  ttw  ndlus  of  the  pyonoawier  hibe:  and 
h  li  dw  taading  of  the  pyenenelar  scale. 

Iho  unit  weight  of  ths  fraiM  soil  falls  Into  two  categortea: 
Total  unit  weight,  faMthidlng  all  Its  eoaiponanis  {rj) ,  and  unit 
weight  of  hwcen  aoil  with  everything  but  1cm  laclusloas  (Vs). 

Datannlnlng  ^3  eoraprtsea  talcing  a  speclawn  from  die 
mlrnral  layer  and  detamlntng  its  weight  and  vohune . 

To  datemtne  y%.  It  is  nocessary  10  tak»  dm  baun  aoll 
ipaetaWM  In  the  vacttenl  dtwetloa  dwoutfiottt  the  lawastlgatBd 
dildmssa  of  ground.  72      >>*  detemliwd  Iran  data  oa  total 
water  content  (W|) ,  unfrosen  water  (Wgl ,  and  unit  weight  of 
mineral  particlea  (yj) .  using 

0.9    (100  »  w^) 

■  90  +  yj(W,  -O.IW,) 


(24) 


Englneerlng-geocryologicdl  rosearch  should  Include  uijsor- 
vation  of  ^hi>  3t.itp  And  behavior  o(  tMiildtngs  and  structures, 
and  char.gu  of  :he  wu:>jr  and  tettperatur*  legUM  c(  the  iOU 

under         !i  i';nr:a!n.KL5  . 

The  scc'i.c  .-.-rl  ri.i'.ure  lA  "Jieao  cbjcrvations  jro  specified 
depending  on  the  typir  of  bullulnq  or  airucturo,  its  economic 
Significance,  and  conditions  of  the  frozen  ground. 

To  meet  the  above  requtremeni!! ,  iintiDnflry  frozen  ground 
stations  are  established.   Destijr.  jrd  wnrv.  ii;e-Ju)L:  nre 
determined  by  the  special  program  developed  for  Ihosu 
atatlona . 

Observations  at  such  a  station  must  be  made  In  accordanoe 
wtdi  the  methods  stipulated  In  the  standard  documents,  strictly 
obaarving  its  |vlnclpal  use  requirements  (as  staled  in  the  pie]- 


ect  re^-  r.    '.  the  bujld;ng  or  structure)  that  provide  for  maUl'- 
tiiiiiji.g  :  I  gradual  changing  of  the  soil  regime.    The  main 
rosiilc  :  ;  :usorvo!ions  are  registered  In  the  ccT'.ifn  ate  of  IhO 
Irund.r.rns  and  bases  of  the  structure.   The  uoacrvations 
fc-crjin  v/ith  the  start  of  construction. 

The  work  of  the  station  comprises  investigations  on 
(a)  temperature  and  hydrogeological  reriirrc  :f  tho  Dast  sells, 
depth  and  rate  of  thaw  of  the  base  soils  under  tiie  middle  and 
edges  ol  the  building;  (b)  tem^orature  regime  and  depth  ol 
freezing  ol  the  active  layer  near  the  building;  (c)  amount  of 
grojnd  heaving;  (d)  heaving  ol  foundaiiDn,  settlement  o(  foun- 
dation under  the  .Tilddle  and  edge  ol  the  building;  conformity  of 
the  actual  conditions  of  building  use  with  the  temperature 
reglir.?'  of  the  base  30IU  as  spt-'clfied  In  Iho  project;  and 
(f)  C'_  lur.T.ations  and  state  of  the  bjildtng. 

Aaiilysia  of  the  results  helps  prove  th:U  the  proper  struc- 
tures are  used  and  the  methods  ot  conslr j rtio:^.  .ire  scunJ. 
These  data  ate  uaed  in  coTislr-jctlon  on  other  sites  with  the 
sarr.e  en  vironiTi<:nt , 

To  teat  new  methods  of  design,  construction,  and  use  of 
structures,  pilot  structures  are  built  and  multipurpose  obser- 
vation is  established  to  study  their  condition  and  behavior. 

The  following  problems  in  the  field  of  engineering - 
geocryo  log  leal  research  need  lurthor  development  and  improve- 
ment: 

1.  Use  of  vlbrailon  methods  in  boring  holes  in  high  tem- 
perature frozen  ground . 

2.  Establishment  of  tnobile  installations  for  complex  (leld 
investigations  on  physical  properties  of  frozen  SOllS. 

3.  Improvement  of  field  investigation  OMthods  on  tempera- 
ture and  water  reglnte  of  the  base  soils. 

4 .  Determination  of  the  degree  of  accuracy  In  the  labora- 
tory model  methods  for  the  study  of  Strain  and  themal  condi- 
tions of  frozen,  freezing,  and  thSWlng  soils. 

5.  Development  of  rapid,  IndMct  methods  of  determining 
physical  and  thermophyslcal  properties  of  the  froaen  aolls 
according  to  their  physical  characterlatlca. 

6.  Unification  and  standardisation  of  the  equlpBant  and 
OMthods  of  field  and  laboratory  Investigations  on  physical 
peopartlea  of  firoaen,  freeslng,  and  thawing  soils. 


REFERENCES 

[1]  A.  M.  Pchellnisev.  "Somo  Useful  Guides  in  Deteralnlng 
the  Density,  Moisture,  and  Ice  Content  of  Froaen  Soils,"  In 
Materialv  po  laboratrxrnym  iss ledovanlvam  meralvMt  Bfuntnv- 
Sb.  1.  Acad.  .Sri.  USSR,  MOSCOW,  I9S4. 
[2]  Tekhnlchc  ikiye  uslovlya  nrovektlrovenlva  oanovantv  I 
fundastentev  na  vechnomerzlvkh  aruntakh.  SN  91-60,  SIMS 
Construction  Publ .  House,  Moscow,  1960.  CTsChnleal Con- 
siderations In  Designing  Foundations  In  Psraabost,  Toch. 
Trans.  1033,  NRC,  Canada,  1962]. 
C3]  It.  A.  Tystovieh.  Qsnovsniva  I  Fundamentv  na  1 
qruntakh.  Acad.  Set.  USSR,  Moseow,  1958.  [Bases  and 
Foundations  on  Frassn  Soil,  Hlgfamy  Res .  Bd.  Spsc.  Rapt.  S8. 
NAS-NRC,  Washing,  »«0J. 

[4]  V.  P.  Ushkalov,  laalndovanlva  raboty  crotaivavushchiith 
oanovanlv  I  Ikhraaehet  no  Bradel'nvm  i^inrmatslvam 
iowushwilv.  Acad.  Sot.  USSR,  Moscow,  1962. 
[5]  V.  P.  Ushkalov,  R.  A.  Tokar.  O.  S.  Polshin.  V.  V. 
MIkhsysv .  "Foundation Daaign  Inlho  USSR , "  rroc.  5Ui  Intl. 
Conf.  on  Boll  Meefaantea  and  Foundation  Bn^ . .  Parla,  1961. 


404 


Copyrighteu 


DISCUSSION— SESSION  7 


R.  M.  HARDV,  ExplonttOB  and  ftta  8al*ctton  in  NoithwMt  Canada 


Tba  ««nanl  aMeallaiiM  of  Iha  papara  pnaantad  to  thti  laaaloB 
■wy  taava  tba  lapmaaiM  that  eeavlataly  iattifaetory  gwthoda 
tof  alia  axplovBtlon  and  aalaeuoii  la  panaaltoat  araaa  ara 
avallabla.  It  la  vwy  qnaattonaU*  that  auch  an  Impraaalon  it 
eomot,  paitleularly  In  amiaa  of  apMaie  ar  dlacoaUmiaua 

Sattaftelocy  pcoeadunia  ualnB  ftweslng  teduiilquaa  apipaar  to 
hava  baan  davalepad  for  tha  diiUlng  and  aaavlins  of  nUdly 
toaan  pamatoat.  Mewawar.  tfwaa  nalhodj  ara  not  partlei»* 
taf  ly  aultabla  lor  alta  aivlaratioa  at  looatlana  wbara  it  la  nM 
known  l(  paimaCmat  aiclata.  Tha  aKplontlao  piagraai  at  such 
altaa  ahould:  U  Datamlna  tha  axtatanea  of  pamaftoat.  <tt 
aaiabliah  wbatbar  asdatlna  pamafteat  la  in  a  aolld  or  partial 
fioaan  atata.  and  (d  daiiacailaa  mrfiadiar  paoaaftoat  haa  racanOy 
aodatad  at  tba  alts  and  tita  axtant  to  «fhlidi  canaoUdatloa  of 
ivoamly  tbowad  panwftoat  haa  pM«aoa«d  undar  tha  ovarburdon 
load. 

Cxpartanoa  In  Canada  vaoantly  haa  ahotni  that  coavantlaaal 
pieeaditraa  fer  otto  a«plaratlan  oawwt  be  dapandod  upon  to 
•van  IdanUly  panaatoat.  lat  aJaaa  prowtda  uaafid  dato  on  ita 
oondltton  or  whalliar  tha  omund  haa  taeantly  thomd  and  la 
atUI  eonaoUdaHnp*  ly  eonvanUonal  pfoeaduma  la  awant  that 
an  oxparlanoad  drilling  cnw  with  aaglnaartna  aupofvlalon  and 
with  nodam  drilling  and  aoaplinB  aqidpaiatt  la  aaalgiiad  to 
tha  ain  axploretlon. 

A  (hraad  of  axparionoa  oon  ba  tnaad  tiimuafa  aovarol  popara 
that  Indleata  dlaoovory  «f  pennatoat  am  tfa«  Monfa  AaMcloan 
oonllnant  progiaaalvaly  tMhor  aouiili  ot  what,  in  reoant  yoara, 
haa  baan  takan  aa  (ha  aoulbam  boundaiy  of  ponnafiost.  W« 
la  neognlsad  daaplM  (ha  faet  that,  saologteally.  panwfteat 


la  eonaiderad  to  ba  loeadlng  w  iha  north. 

Mueb  ONporianea  In  Mottfawaat  Canada  oow  Indioataa  ttat 
apoiadle  paiaatoat  axlata  over  a  much  widar  nana  than  haa 
baan  pravloualy  auggaatad.  Meraevar.  axparionoa  in  aooaa 
of  aporadle  and  dlaoontlnuoua  parawboat  Indteataa  that  only 
alight  dlativbanea  to  tha  auifhea  thonnal  nglna  iiraoipltatea 
rapid  dlalntogntlon  oi  tha  pamafroat.  It  olae  IndJcatoi  that 
aolldly  boaan  pannatost  «ay  aadat  within  a  law  indwa  bafcw 
tha  ainfaea  of  oigante  eovar  in  laalatad  lenaa  with  no 
avldanea  of  panaaltoat  Car  aovml  atllaa  in  amoundlng  araaa. 

Pamaftoat  haa  alao  baan  found  bolow  aa  ouich  aa  20  ft  of 
ovarbwdan  in  a  aolldly  or  partially  toaan  layor  aavacal  laat 
thick.  Raamanu  of  pamwftoat  In  the  form  of  laolatod  loa 
eryatala  have  baan  tapoitad  at  daptha  of  60  ft  in  araaa  many 
adiaa  ften  known  aidatlng  paimafloat. 

CooatiuetleB  pniaeta  in  paimboat  araaa.  undar  the 
Canadian  aoonooiy,  vaiy  flroai  tha  comparatively  largo  Into- 
gratad  davalopRwnta  at  Innvlk  to  bulMlnga  on  aingle  elty- 
aised  lota  at  Thompaaa,  Manitoba.  Moraovar.  recant 
oofiatraotlen  in  the  Mnga  araaa  of  pormaftoat  haa  baan  much 
■era  axtmitv*  ta  Canada  than  la  genaially  appreciated. 
faperleaoa  with  thia  oeaBtiuelton  haa  amphealaad  the  dlffl* 
emit  natuea  of  detarmlaing  charaotertattoa  of.  dealgnlng 
feundatlona  for,  and  ideatliyiiio  Iroaen  ground  in  apovedlo 
and  dlscontlnueus  sonaa  of  pamaftoat.  Aa  far  aa  Canadian 
eondltiom  are  concerned,  there  ia.  without  gueatlOB,  a  need 
for  more  research  worlc  oriented  to  the  aduttcit  of  theae 
problems.  The  intenliscipllivary  approach  that  haa  been 
emphasiMd  at  thla  confarenee  eppeera  to  offer  the  beat 
prospects  for  progvaaa. 
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SESSION  VIII 
SANITARY  AND 
HYDRAULIC  ENGINEERING 


SANITARY  ENGINEERING  IN  ALASKA 


AMOS  ).  ALIBR,  Alaifca  D«pailmMt  c(  BMltfa  and  Waliu*.  Iomi 


Ala^n  tamtaiy  uglnaartin  i«  the  Miontlal  force  In  eannu- 
nity  dtvalepotMit  that  hat  mad*  plaoaa  Uvabla.  laolatad 
dwalUngs  and  eemantnltlfta  on  pmrnatnat  were  traasfomed 
fiom  aara  yUcaa  of  aatlgfnc*  to  ■odam  and  oonfortaMa 
homa.  Uvlntr  In  a  hoaw  or  oanniinlty  now  wtihout  safe  and 
adaquata  watar  a mqily  and  waata  dtapeaal  faolliaaa  la  UlM 
uabig  a  borae  and  buggy  tn  tha  apaea  aga.  With  aanltary 
awglnaarlng,  the  aaoond  laigaat  dty  in  Alaaka  haa  baan 
tranabnnad  tnm  a  atty  «f  "henay  buekau"  and  "water  botttoa" 
to  a  andacn  eomuntty. 

Hew  ma  thli  tnnafomatlon  aooonpUahad?  ftanatorakatlon 
maaaa  pladsg  a  valua  en  aafa  and  adaquate  watar  and  waate 
ayataaa  aqual  to  tha  value  placed  on  a  Caundatloa.  walla,  or 
a  roof  In  cenanwillag  adequate  ahalter.  Mthougb  aaCa  and 
edequete  water  and  waate  ayatema  are  aa  aaaantlal  for  aietie 
bulldlaga  and  oaammiltlaa  aa  they  are  tor  Mawarate  rtlnatt 
structure they  an  Often  deleted  from  conatdaratlon.  In 
narqr  plaeaa  It  waa  not  oonaMand  poaalMa  to  Icoap  aamtary 
wotfca  fraei  fraaslng< 

Water  and  wnate  ayatema  am  uaually  tha  alaatente  of  aielle 
bulldinga  which  are  most  acutely  affaelad  by  fraaalng.  fkaas- 
Ing  temperaturea  regularly  take  tiielt  toll  of  building  and  earn.- 
nranlty  aamtary  ayataaia.  lb  prevent  iraaaino  and  make 
oemmamtlea  and  laelated  Installatlena  more  livable,  the 
auccessful  arctic  aanltary  engineer  has  subjected  his  deslgna 
to  an  extre  analysis— to  a  thermal  analysis— as  well  as  to 
conventional,  structural,  chemical,  biological,  aesthetic, 
feasllultty,  and  functional  considerations.  He  has  considered 
low  temperatures,  snow,  froten  ground.  Ice.  waste  heat,  and 
numerous  other  factors  as  resources  to  be  utilised  rather  then 
resources  to  be  ignorod  or  avoided.  Engineers  operating  In 
this  frame  of  reference  have  produced  some  ingenious  systems 
and  works. 

Sanitary  systems  were  made  to  function  reliably  even 
under  the  most  adverse  conditions  through  capture  of  heat 
from  normally  waste  heat  sources,  water  reuse.  Improved 
methods  for  heat  conservation,  regulated  beat  mafcewp  for  lost 

heat,  and  process  substitution. 

TYPES  or  SYSTEMS  DEVEIXIPED 

All  sanitary  engineering  design  concepts  In  use  now  in  Aljiska 
for  water  and  sewage  works  may  be  divided  into  three  general 
categories:  (1)  Protection  (rom  (reezing  by  encapsulation  or 
isolation  from  damaging  tcTijicroturcs;  (2)  Insulation  and  heat- 
irvg  of  facilities  wherever  they  may  be  located  to  protect  them 
from  dama9<:  by  inv>  tempenturai  and  (3)  HtUlsatlen  of  nonbea^ 

susceptible  systems. 
Ervcapsuiation  for  Frost  Protection 

Oonptote  oontelnnwnt  of  water  supply  and  waate  dtapoaal 
systems  Is  not  possible  without  full  reuse  of  the  water  and 
ultimate  disposal  of  sewage  solids  within  the  containment. 
0(banela««  a  aouaea  of  water  supply  must  be  located  outside  of 
tiia  oootalniaaat.  In  ssvaral  Installatlona  la  Alaska,  an  affoit 
was  made  to  aOnlnilm  tha  naad  for  fresh  water  supply  by  utt* 
Iteiag  raolmilattng-typa  toilet  systems.  Waste  water  fna 
alMnrars  and  lavatortea  was  raaaad  aa  (lushing  %ratar  far 
toUeta.  Water  use  waa  Anther  ledueed  by  ualng  ptnaMng 
flxtiaaa  tshieh  lequtte  only  a  aaiall  quasttty  of  watar.  WHh 


lU 


pra!par  nMlntenaBca  and  eentiel,  raelmilatlng-typa  waste 
dlapoaal  ayalaate  and  watar  reuse  tachnlquaa  bava  nwt  with 
a  awderate  degree  of  suoeess. 

Further  impcovewent  In  waste  water  reolanetloD  methods 
will  naka  encapsulation  of  faelUtles  even  nwm  pmalslnff. 
Advenoaments  in  apaoe  tievel  have  stlflralated  Interest  In  en* 
eapsulatsd  systsais.  In  gananU  than  an  SDaller  quantlUes 
of  objeetioflable  SMtartel  te  be  removed  tnm  waste  watera  in 
space  travel  than  the  quantities  of  nwterlal  Which  sniat  be 
tenoved  in  tmeting  aaawatar  or  soaw  highly  sdnscallaod 
waters  found  at  Arctle  sites.  It  will  probably  be  maa  ttme 
bsiOM  mdalmed  waate  watar  will  be  fully  eeeeptftle  for 
gaoanl  uaa. 

Padiaps  tha  words,  swdlfiad  eneapauJatlan.  best  describe 
praaaat  Alaaka  ayatema  in  this  eatagory.  Initial  water  supply 
souca  and  ultimate  disposal  of  sewage  aoUda  occur  outside 
of  the  eneepaulated  erne.  Water  storage  space  ami  space  for 
eollectlea  of  siwege  ate  edeqtiaM  foe  exteaded  pstlode  but  not 
edequate  for  ccntlnuoua  ussi 

Savenl  Alaakan  water  and  aewaoe  weika  am  encapsulated 
to  the  degne  poeslble.  They  an  eneleeed  In  psefaferleatad 
atnetunai  lha  alrueluna  am  eoaiposad  of  a  sartes  of  units 
aneted  teai  pretelloated  sections.  Water  supply  unite . 
waste  itt^aal  unite.  Utcben.  bedroom,  recreational  area, 
and  utility  unite  am  eseemfaled  in  the  order  and  number  desired 
to  produce  the  Untaibed  sliiiulime. 

Complete  encapsulation  of  waste  disposal  works  was 
accomplished  In  a  few  Instences  by  use  of  substitute  proc- 
esse^.  rind  methods  as  well  as  etvcapsulation  of  facilities.  A 
"dry  type"  system  was  tried.  This  system  depends  on  meeha- 
nlcal  collection  of  solids  and  incineration  of  them  within  the 
enclosun.  Although  such  systems  may  be  readily  anelossd 
for  weatfaar  protaetion,  they  an  net  acoeiMable. 

Protection  by  Insulation  and  Heating 

The  first  ettd  principal  methods  for  protection  of  water  and 
sewage  works  are  insulation  and  heating  devices.   By  reteln* 
Ing  available  beet  In  the  systems  and  adding  heat  es  needed, 
posiuve  protecUmi  Is  provided.  The  success  of  such  prac- 
tices deperKls  upon  careful  selection  of  structural  materials 
and  availebtllty  of  energy. 

Locating  water  plants  near  power  plants  facilitates  use  of 
waste  heat  torn  power  generation.   Cooling  water  and  eidiaust 
steam  ore  used  to  heat  sanitary  works-  Electrical  heating 
devices  and  warned  air  from  ventilating  systems  serve  as 
valuable  heat  sources.  Water  pumped  from  beneath  the  penaa* 
Itoat  and  waated  imo  sewers  provides  a  heat  source  for  some 
sewers.  Waste  beet  fnm  chemical  and  physical  reactions, 
solar  energy,  wind  operated  power  generating  equipnient  and 
•lectrieal  transmission  teellltlea  la  alao  uaad  to  protect 
systems. 

UtUldcra  and  enclosed  duote  or  condutta  pcotaet  utility 
senrlees  ftont  (nesing.  In  some  cosHnmlttes  boat,  water, 
electricity,  telephone,  and  sewer  services  am  provided 
through  these  below-grade  ducts.  The  utllldOr  Is  baotnd  fay 
waste  heat  from  the  heat  distribution  Unas- 

A  ndraoletlngHype  water  system,  which  provides  fbr 
rsdraulallOBOf  water  throughout  the  entlm  aystsn,  including 
house  seivlee  eenaectlons,  made  water  distnbutlcn  possible 
in  ens  coauauiilly.  even  though  distribution  Unas  an  placed 
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directly  in  permanently  frozen  cjround.    Ir;  another  coT.mjmty. 
the  water  supply  lines  were  placed  mside  a  larger  pipe,  and 
wasto  coolit^  water  from  power-generating  equipment  was 
circuiotn:j  ihrn'jgh  tho  a Miular  tpMS  bMWMD  th*  W5tar  tuppty 

line  and  the  cuter  pipe. 

In.sul.iti ti9  i-Mti-Tials  are  usi^J  tiiroughout  al:  systems  in  this 
c.st-^yory.    Insulating  matnrnts  (used  with  voryirsg  degrpes  o( 
success/  v,-ere:   Asbc:;tris.  ylasswool.  (Oam  gla s-;  .  rhenuaiiy 
expanded  oitidnics .  1  k; ntweight  concrete,  shavings,  sawdust, 
moss,  paper,  moist  clays,  wood,  MOaCtlM  OOVWUig*. 
grasses,  sod.  cinders,  etc. 

UuUzauon  oi  Nontrost- Susceptible  Systems 

Application  of  iMMifrost-suwwptlbl*  system  t»ehnlqu«t  is 
gultable  for  waste  handling .   There  is  Uttl*  Cdvaittao*  Ol  this 
tedniique  In  water  supply  since  water  is  tiw  product  Which 
must  b»  tiinipon«d  and  used.  A  substttuta  sistarlal  may  not 
ba  uaad> 

Ih  pievldiag  a  nonfrosi-auscaptibla  wasta  disposal  synam, 
In  at  laast  ona  Instanea.  fuel  oil  w«s  substltutad  tor  watar  In 
a  liquid  canlaQa  syatafli.  Iha  fual  oil  is  usad  net  only  for  .. 
fiiuhlii9  the  wastaa  Into  tha  coUactlen  syttam  but  also  fw 
coRlage  of  the  wastes  to  a  central  point.  At  tfaa  eantnl 
potot  tite  wastes  are  sufficiently  mlind  with  the  fuel  oU  so 
tint  they  may  be  fed  into  the  fuel  Injection  system  in  the 
ceMnl  heatlas  plant.  In  iMs  w«y  ibe  wastes  end  fuel  an 
burned  and  produce  heat  and  electrtosl  power  tor  fhe  Installa- 
tien.  Synthetie  fluahlng  fluids  of  a  sladlar  natwe  were 
utilised  in  ether  installations.  In  sooie  industrial  inetaUetlons 
alnost  all  pJant  wastes  are  inelnsratsd  and  valuaMo  dienleBls 
ore  racoweied.  These  chemloala  am  reused  in  the  plant  pio« 
dwIliiHi  procesSf 

Other  substitutions  of  nonfieet-susoeptible  systems  includa 
tnctnara ting-type  toilets  wtiich  Incinerate  the  wastes  at  the 
source,  and  mechanical  comreyanee  of  wastes  rather  than 
hydraulic  oatMaae.  Much  effort  was  directed  toward  Improve- 
ment of  inelnaratino-typa  toilet  faellitles  «id  in  the  develop- 
ment  of  wet^ombustlOB  methods  and  MglHemparatufe  oMdatlon 
or  aaaieless  combustion  of  atomised  wastM. 

At  seertiere  sites,  whaie  selt  water  is  readily  available 
end  conoslen  can  bs  avtitded.  salt  watar  has  occasionally 
been  substituted  for  tiesh  water  In  the  eeweraga  system.  Ihe 
salt  wetar  was  also  used  as  a  souiee  of  water  supply  fortte 
inatallatleA.  Althouoh  salt  watar  does  not  af  fotd  e  sreat 
nafvln  of  safMy,  It  does  provide  seme  addiuonal  bibi«1b  of 
safety  over  Irssh  water  in  a  sewerage  system. 

WHICH  sramis  havb  itDf  most  BVOCESSFUL? 

Low  tcmper-jture  enphosizos  the  impc'rlarce  of  adequate, 
efficient,  -ccononica],  and  sinple  water  and  waste  systems 
which  are  operable  under  3'.'.  conditions.    Compatible  con-.- 
.TjunJty  configuration,  bui.dinsjs.  and  water  a.-^d  waste  systems 
are  essential  to  installation  and  operation  of  successful  sys- 
tems.   Beauty,  symmetry  and  appealing  innovation  ore 
meaning  ICS.'.  11  v,'at<-r  i-r.  not  available  and  wasto  dlspossl 
systems  are  Inoperable. 

By  designing  community  and  housing  in  a  cluster  arrange- 
ment, exposure  of  water  and  sewerage  systems  to  permafrost 
and  low  temperatures  may  be  held  to  a  minimum;  this  arrange- 
ment eli.Tiinates  t.he  need  for  long  runs  of  water  and  sewer 
plplrvg.    Son-,<!  deMlgnf.  are  recommended  that  centralize  all 
utility  services  In  the  center  of  a  cluster  development. 
Materials  and  arrangements  which  inherently  ircvide  fire- 
breaks and  lire  protection  are  adopted  to  avoid  fire  hazards 
that  may  result  from  cluster  or  communal  type  developnents . 

Harmony  of  community  and  building  design  with  water  and 
waste  system  design  greatly  facilitates  the  economy  and 
and  reliability  of  sanitary  sep.'ices  under  low  temperature 
conditions.   A  community  that  it  to  be  served  by  a  recirculat- 
ing wf)ter  distribution  system  must  b«  plotted  In  a  fashion  to 
>-ff^ctiveiy  and  efHelently  leelreulate  watar  throughout  the 
oomfflumty. 

The  most  suooesshil  systems  an  simple,  in  harmony  with 
40« 


community  configuration,  present  minimum  exposure  to  possible 
frost  damage,  make  maximum  use  of  materials  and  resources  at 
hand,  are  constructed  so  they  may  be  taken  out  o{  operation 
during  emergency  without  damage  to  the  system,  anc  1  i: — 
efficient  use  of  manpower  and  energy,    These  ore  req_i:i:.;it!iits 
for  ■!  succe^sfu'.  system.  Nonlrost- .lusceptlble ,  insiil^iti-ti ,  or 
ercapsuiated  facilities  all  were  successful-  Encapsulated 
facilities  were  used  most  e.xtensively  for  WaSle  disposal; 
Insulated  systems,  Ux  water  supply. 


ooNSXRUcncm  and  operatioii  proiuems 

Greatest  of  the  numerous  constnictlon  and  operation  problems 
occurred  in  providing  adequate  water  supply  service.  Although 
corrections  were  made  as  the  difficulties  arose,  experience  has 
focused  attention  on  die  most  vulnsrabte  parts  of  water  and 
sewage  works  systems. 

Water  System  Problems 

Difficulties  occur  In  all  parts  of  the  w.3tcr  syston— in  procur- 
ing an  adequate  source.  In  developing  the  source,  in  treating 
the  w,i;er,  and  in  distributing  It.    T-wo  source  problems  are: 
Providing  a  stable  Impoundment  on  permanently  frtjzen  groujMl, 
or  locatli>y  iin  ,5d<.qu,5to  sourct?  of  supply  where  ground  water 
is  used.    Wells  froze  when  they  wore  not  pumpod  enough  to 
keep  them  open.    Pu.mpmg  a  well  too  much  resulted  in  restric- 
tion of  production  from  the  aquifer.    Intake  structures  designed 
to  take  water  f.-om  a  reservoir  became  clogged  with  ico  and 
unworkable  when  maaequate  attention  was  given  to  location 
and  df  .>iign  of  the  intake  structure. 

Most  water  treatment  processes  ^ro  affected  by  low  tem- 
perature; in  general.  It  is  much  more  difficult  to  treat  cold 
water  than  to  treat  warm  water.   Aeration,  COegulaUon, 
settling,  filtration,  and  disinfection  prOCOSBOS  an  all  StibiOOt 
to  Impairment  by  low  temperatures. 

Water  distribution  systems  often  freeze  with  resultant 
damage  to  distnlwtion  lines.    Heat  sources  designed  to  keep 
the  distribution  sy.ste.m  in  operation  have  occasionally  failed; 
InsuLstlnq  mal<*rlal  was  Inadequate  or  t>ec,ime  damaged  and 
allowed  the  system,  to  freeze.    fi.3slns,  pumping  equipment, 
and  distribution  Unas  were  damaged  when  taken  out  o<  service 
because  of  inadequate  pnvlaion  for  dninago  triien  facilities 
were  not  in  use. 

In  instances  where  every  feature  of  the  waterworks  system 
was  not  considered  as  a  potential  heat  problem,  freezing 
PK^oms  have  resulted- 

Waste  PlsBosal  Problems 

The  effectiveness  and  uUUty  of  many  sewage  collection, 
treatment,  and  disposal  practices  are  impaired  by  low  tam- 
p<^ratuie.   Biological,  biochemical,  and  chemteel  reactione 
are  generally  retarded  by  low  temperature.   In  some  fedlltles 
low  temperatures  have  ,iltered  the  function  or  the  Structure  to 
the  extent  that  the  unit  has  become  useless. 

All  parts  of  waste  disposal  systems  arc  know-n  to  be 
affected  by  low  te.Tiperatures .    Venting  and  gradient  are 
significant  factors  in  collection  systems.    Severe  low 
temperatures  often  cause  vents  on  the  ccllection  system  to 
close  completely  with  frost.    In  instance.s  where  sewer.s  were 
placed  at  mirumum  grades  and  without  .opecial  structural  fea- 
tures to  retain  vertical  alignment,  settling  has  occurred. 
W;isto  heat  caused  pcmafrost  to  nelt  and  the  resulting  un- 
stable condition  permitted  the  sewer  to  settle.    Pocketing  of 
sewage  left  in  the  sewer  later  resulted  in  freezing.   The  upper 
end  of  sewers,  containing  insufficient  flOW  10  SUPply  the  IWSt 
losses  from  the  sewer,  had  frozen, 

.•"i.T.o: :t  :I1  sewage  treatment  units  are  affected  by  low  tSUV* 
peraiure.    Bar  screens  .  co.m.mlnutors  ,  grit  fhambx^rs  .  fiovf 
rr.easuring  device.^,  settling  tanks,  filter;;,  aerating  equip* 
ment,  sludge  drying  txsds.  digesters,  and  miscellaneous 
sewage  treatment  units  have  failed  because  of  low  temp«raturak 
Exposed  control  equipment  has  frosen.   Cold  air  supply  to 
Uflwen  end  eeretlen  units  has  resulted  In  reducHon  to  se«ra«e 
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tMBparatuMs  telow  tMApantuns  MMMtiy  for  favoraU* 
Mologloal  activity. 

Ja  endOMd  Murags  noBtoisiit.  nolctim  aautml  l»  aft«i« 
pioblMi.  UnUtt  ptwrlvlon  If  mada  tor  sir  comUtloidng, 
ranaa  aolatura  in  tba  air  oondanaaa  on  eoW  aurfaoat  and 
Ibima  tea  en  walla,  doara,  windo«ra<  and  axpoaad  maul  parta. 

ConatructloB  fteblawa 

Construction  of  proper.'/  fur.ctior.ir.g  water  ar,d  wjstc  systems 
IE  often  more  difficult  than  construction  of  othor  cryinfenrrg 
works.    Water  and  waste  systems  must  remain  stable,  a: 
proper  elevation,  on  proper  grade ,  find  within  a  rather  narrow 
range  of  tomporoturt's  suit.^blo  for  the  piocesses.  Sufficient 
heat  mjst  h-^^  present  in  the  5ystnn  to  ;,icil.;.i',e  chemical  ar>d 
blOlojiTj;  ii^ction.    The  ;::iu;ds  must  rx"Jt  :ri.-i>/.a.    Yet.  heat 
escapes  froin  the  systems  and  it  must  not  oc  allcnved  to 
destroy  the  stabiUty  o:  fourvdations ,  pipelines,  5tora;je 
reservoir*,  ar>d  butldtngs.  At  soma  sues,  hest  w«s  allowed 
to  thaw  pamafteat  and  tha  oietind  baeana  onataUa  upon 
thawing. 

Poor  construction  techniques  in  placing  (ound.itjor.;-.  find 
pipelines  were  Instrumental  in  later  causing  failure  o!  thti' 
sanitary  engineering  works.    Construction  methods  resjlteil 
In  changed  ground-water  movement  which  in  turn  changed  the 
tawparatura  bolanca  of  the  att«> 

NEEDED  WATER  AND  WASTE  DISPOSAL  RESEARCH 

There  are  many  unancweiod  questions  concerning  arctic  water 
and  waata  ayatan  daatgo.  ooaatneUoo,  and  oparatioa. 


AlthOMOh  eonaldarabia  aftert  haa  baan  axartad  in  study  of  auoh 
ayamaai  afforta  ahould  ba  radouMad  and  fpfaatar  atlontian 
dimdad  tenwrd  taapiovad  ayatsp  cetw^a.  Funtiar  study  and 
raaoaith  am  Indleatad  In  all  aapaeta  of  arctic  wator  supply 
and  waata  dlapoaaU  tha  following  noada  auggeat  aoaia  of  Hw 
OMca  laiportant  unanawarad  quaattons: 

1 .  New  floneapta  in  watnr  supply  and  waata  handling  at* 
naadad  to  piovlda  watar  aecaptabia  for  lauaa  and  to  pievlda 
laprawad  oollaetion  and  diaposal  of  wastaa. 

2.  Low  tonparatniaa  and  low  tanpaiatura  pfaamooiana  muat 
bo  uaad  to  advantaga  in  watar  and  aawaga  waatas. 

3.  OoainMinlty  planning  auttad  to  wator  supply  and  wasto 
disposal  raquirafflanta  of  tha  teett'e  an  aaaantlal. 

4.  Ooneapta  for  individual  housing  in  tha  Anite  muat  ba 
batter  eomlatad  with  eharactartattcs  of  caoiaiunity  and 
utUtty  aoTvlca  naada  and  ahoiild  maka  usa  of  loeally  avallabia 
raaounaa. 

ME  SMniunr  BNGINSBRS  MBSnNG  tmc  chalungb  ? 

Although  asnitaiy  engineers  have  performed  magic  in  the  Arctic 
in  making  places  livable:  further  challenge  remains.  Sanitary 
engineers  are  ehallangad  to  suggest  nsw  concepts;  they  are 
challenged  to  research.  They  era  challenged  to  cooperation 
With  social  scientists,  economists,  municipal  planners, 
architects,  and  builders  in  improving  public  health  and  living 
standards.  As  research  In  low  temperature  sanitary  engineer- 
ing expands,  as  interdisciplinary  approach  to  problems  is 
made,  as  intercllmatlc  relationships  of  environment  arc  noted, 
and  as  imernattonal  teamwork  develops,  the  sanitary  engineer 
la  Bloating  tha  ohallange  to  better  living. 


U.S.  SANITARY  AND  HYDRAULIC  ENGINEERING  PRACTICE  IN  GREENLAND 


D.  G.  BALL  AND  I.  H.  CALL.  Metcali  &  Eddy.  Boston,  Maaa. 

U.S.  rr,jhtar>'  mstalliitions  in  GreenU^nd  isre  exten;;.vi'  .md 
range  in  Utltude  from  t.'ie  .souitK'in  tip  iSO  iriU<_';;  tM.'low  (he 
Arctic:  Circle  to  tho  northorn  p.urt  of  tho  rutxtontlrcnt.  Condi- 
tions encountered  v.nry  from  3  nodcr-ato  nonpermafrost  environ- 
ment to  areas  with  permafrost  many  hundreds  of  feet  deep. 
Several  rather  elaborate  inst.iLlations  have  been  built  on  the 

Icecap  Itself.  The  princip':!  .-..-'.nitary  and  hydrauUo  anolnaoflng 

problems  encountered  are  dusciibed. 

The  largest  and  best  known  unit  is  Thulo  Air  Base,  on  the 
remote  tyjrthwest  coast  of  Greenland,  900  miles  from  the  North 
Pole.    Sondrcstrora  (R'.V-fl)  ,  .^Isy  on  the  ■.vn;t  coast  at  the 
Arctic  Circle,  and  N-jrsars suak  (ff.'.'-  1)  .  near  the  southern  tip, 
were  smali  U  S.  air  bases  already  existm.g  that  were  exten- 
slvely  develop'ed  after  '.'ij'.  a;  the  tirr-e  of  constr jcticn  at 
Thule.    Concurrently,  .several  icecap  Installation.'!  were  built 
in  the  high  interior,  rargir-j  m  lotratlon  Irorn  site-,  more 
northerly  than  Thuli*  youth  to  the  sv-ti-^rctic  l.itJt  jdes. 

Most  oi  Grfte:,l.ind  j,^  rr.vmMi  with  .3  P'errTuir.eiit  icecap 
several  thousnnJ  Uu-:  thick  ir.  the  interior  01  the  Island.  How- 
ever, m  ra,3ny  areas  n'.or/j  the  coast,  the  ice  front  stops  short 
of  the  water,  leavir.s  a  strip  of  ice-free  land,  generally 
barren  of  substantial  vegetation  in  the  arctic  latitudes.  Thule 
la  situated  in  auob  an  asaa. 


THULE  AIR  BASE 

The  bay  at  Thule  r,ormally  Ireeze.i  ir,  October,  and  bay  ice 
attains  a  thioktie';;.  of  ,iix>ut  d  It.   7hn  bay  clears  i:>  J  .nc  or 
July,  tiiough  icebergs  are  present  throughout  the  summer 
aaasan. 

Cllwata 

Violent  wind  stems  that  sometimea  raaA  100  mph  with  gusta 
of  ISO  mph  occur  occasionally  between ITevember  and  April. 


Usually  these  winds  are  not  accompaniei  by  ver,*  lo-.v  tem- 
peratures; however,  the  wind  chill  factoi  often  e.xcaeds  14U0 
and  soTietiT.es  reaches  2jOO. 

Mean  annual  rainfall  from  I  i)4b  to  1949  wns  2  .  jS  in.  ,  and 
snowfall  was  H.  '-i  in.  ,  for  a  mean  annu-ai  treci  itaiior.  of 
about  4  In.   In  19SS,  a  new  high  was  reached,  with  2. 1  in.  of 
rain  as  a  daily  high  and  a  total  of  10.48  in.  precipitation  for 
the  year. 

Subsurface 

Pannatoat  is  astinatad  tt  aieiend  1  COO  ft  at  Tliule  (Fig.  U . 
The  surface,  or  actlva  layer,  nocmally  thawa  bom  1  to  t  ft, 
depending  on  the  nature  of  the  soil ,  Its  moistura  conlent, 
and  aurfaea  oover.  Maxtaaum  thaw  depth  la  attained  on  high, 
dry.  gravelly  soils.  However,  in  lew  areas  where  melt  watar 
aceumulaiaa,  whan  Una  sand  and  allt  are  trapped,  aitd  whsce 
boggy  conditions  are  produced  which  have  Induced  the  growth 
of  graaaea  and  other  lew  vegetatton,  thaw  penetration  la 
extremely  ahallow.-aomettmei  aa  little  ea  6  in.  in  a  season. 
In  generel,  finer  soils  tiiaw  leaa  rapidly,  and  the  preeence 
of  melt  water  tende  to  delay  the  thaw  rata. 

Ho  true  ground  water  table  eKlata,  baeause  the  high  treea- 
tng  Index  at  thta  tooatlon  ensures  autfldent  hack>beese  eecb 
winter  to  preclude  unfrozen  larwationa  below  the  active  layer. 
However,  a  aaaaonsl  high  molatuie  layer  Wllowa  the  tfiew 
dowmretd,  reaultlng  l»  a  mlaUvely  high  moisture  aena  near 
the  bottom  of  the  aoUve  layer. 

Random  depoalta  of  ground  loe,  faequenUy  in  the  form  of 
large  continuoua  maasea  of  pure  white  cr  cleer  ice ,  ere 
generally  Ibund  thiougheut  the  valley. 

Water  Supply  Ll] 

TWO  poaalbUtttea  were  oonsldsred  fbr  the  Thule  water  aupply- 
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Flf.  1.  Oubiurfac*  teiiiiwMms  In  lOck  hoi*  tlwM  Indict  In 
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surface  runoff  and  spa  water  diritilL-ition.    The  posslb)lny  ol 
grout;J  .V  iter  existing  .  p.iMicul.irly  nr.i;  thr-  icoc-jjj.  w,.i5 
thcroughj'/  oxplor«d  dgring  the  first  construction  season,  when 
It  .V  I  :ourid  that  tlMN  ii  HO  yMr>ieund  unfloMn  toy«r  abov* 

thf  purmdfrost. 

Because  Of  the  r-rg  jiro:ricnt  for  cjrly  operational  capability 
and  lack  of  snforrirition  on  surface  rjnoff,  a  saa  water  distil- 
lation systcn  w.Ts  initially  designed  ana  constructed.  As 
further  information  v/as  iicqulred  during  the  Iirst  construction 
season  on  surfacr?  v/ater  availability  ant;  its  character,  a 
water  supply  systcrr.  using  existing  and  enlarged  lakes  for 
water  storage  Wcis  o.-vi'lopeii  <«nd  beoaM  the  pftnellWl  tyStOIB 
with  distillation  as  a  standby. 

Average  water  consumption  is  about  6Utl,Uijn  gal  per  i.iy 
It  was  estimated  that  about  23%  of  thp  lake's  vi'sriy  22li 
million  g.il  :.-Uil  w.-itcr  wc.jM  conif  Irorii  its  tur.oi;  .irca  oJ 

7.5  sq  miles;  the  remaininy  7?'*  woulil  in'  ilivurtf  J  frori  i 
nearby  icecap- led  stream. 

The  water  treatment  plant  is  desiyri'd  to  reduce  color  Irom 
100  to  0-15  ppm,  turbidity  from  .lU  to  u-b  [pm,  and  Iron  from 

1.6  to  0-0.3  ppm.   Water  is  treated  by  three  sclids  ,ront.3ct 
clariflerf. .  called  Erdlators,  of  a  design  developed  by  t-no 
Corps  of  Eriqir.eers  Er>Bitieerir/g  Research  and  Deve.opment 
Laborato^le^: . 

Deep  well  pumps  draw  water  fron  a  point  close  to  the 
bottom  of  the  stornge  lake  .md  deliver  jt  via  steam  heated 
rontiult*  to  th*  reMlving  t«nk.  rrom  the  receiving  tank,  as 


v>.iti;r  fntors  tho  flrdlator,  pulverized  limestone  and  feme 
chloride  are  added  to  aid  In  the  flocculaUon  process  which 
takes  place  in  the  Erdlator.   Chlorine  Is  added  as  a  dltlnfcet' 
ant.   Pressure  sand  filters  separate  the  rematnittg  floe 
particles  and  fine  foreign  materials. 

The  water  is  heated  in  two  stages  dt«>ng  the  troatmont 
process.    In  the  first  stage,  water  lie  withdrawn  froin  the  raw 
water  pump  discharge  dt>d  heated  in  the  heat  exchanger  to 
apprexlmattly  180°  r.  It  is  then  mixed  with  raw  water  enter- 
ing the  receiving  tank  to  maintain  a  temperature  of  approxi- 
mately 40°  r.    In  the  second  heating  stage,  a  small  portion  Of 
the  illtar  discharge  water  Is  bypassed  through  a  steam  heat 
cxchangw>   It  is  remixed  with  the  main  water  flow  from  tita 
filters  to  raise  the  temperature  sufficiently  to  ensure  delivery 
of  water  to  the  base  at  or  above  40°  F.   The  temperature  at  tiM 
mixing  valve  might  have  to  be  as  high  as  60° F,  depending  on 
ambient  temperature  and  rate  of  flow. 

Alter  the  second  heating  stage,  the  treated  water  is  passed 
through  a  totalizing  water  meter  and  is  delivered  to  the  h<>(iti-d 
outside  storage  tank  or  to  the  base  supply  pipeline.  Treated 
water  it  withdrawn  from  the  plant  effluent  and  stored  in  tha 
waahwatar  tank  until  uaad  for  backwaahlng  tha  Ulters.  Tha 
washwatar  watt*  ia  ratumad  to  tha  raaarvolr. 

Treated  water  storage,  equal  to  more  than  a  half  day  of 
water  usage,  is  provided  by  three  12S,000  gal  haatad  dOcaVa 
tanks.  In  addition  to  providing  thta  aiMCh  water,  thai*  tanks 
operate  aa  atiiya  tanka  to  abaorb  tha  dally  baaa  watar  uaava 
nucttiatloaa.  which  allow  oonatant  flow  through  the  traatmnt 
iriant  and  thnuBh  tha  plpaltna  balwaan  lake  and  baia. 

Pipeline 

The  water  pipeline  between  the  lake  and  the  base  la  a  haatad 
and  laaulatad  S  in-  aqueduct.  5  miles  long.  Prioiaiy  baatmp 
(or  this  Una  esMlMi  to  piaheatlng  the  water  befoaa  It  antava 
Iba  plpa  at  tha  traatmant  plant.  Secondary  and  aaMiganey 
haating  la  piovldad  hy  tsvo  alactric  heating  cablaa  (ona  auto- 
matic and  one  a  nuaual  atandby) .  whleh  traea  tha  whola  Una 
and  are  dasigoad  to  ■alntaln  tha  watar  In  tha  plpa  abava  40* P. 

Tha  distribution  ayatan  &eai  tha  on  baaa  storage  tanka  to 
building*  is  also  afaevagieand  haatad  plpaUnas.  These  Unas, 
Uka  tha  staaa  distribution  llnaa,  an  ran  on  ovaihaad  taridBaa 
at  mad  ooasliigs  whara  dia  depth  of  nonfraat'Suaoaptlbla 
aataclal  la  nm  deep  enough  to  prnvani  tttawlng  of  hl^  lea 


r  dlalillatlea 

and  an  on  basa  snull  lafca.  have  a  aoafatnad  eapaelty  ol 
apinoKlnataly  3$  gal  par  capita  par  day.  Iba  dlaUllatlofi 
systsm  haa  a  latad  capacity  of  about  12  gal  par  capita  par 
day. 

lha  pilnelpla  lake  stomga  waa  first  davaiopad  br  buMdlng 
dans  and  dlkaa  to  ralaa  tha  waiar  lava!  of  tha  cflgMBl  laka 
about  a  ft.  lha  dama  and  dlltaa  ware  oonpaetad  aaith  Oil. 
Mtsr  tMO  yaara  thay  arara  lalaad  anolhar  •  ft.  Soaa  dlfH- 
cultlas  ware  anceuntsvad  with  laakUiQ  lha  first  year,  but  a 
wintar'a  back&aaaa  r^aad  tha  teval  of  pacataltoat  artthln  tiM 
dams  above  the  noubla  araa  and  laaUnff  aioiipad. 

Sewage  Disposal  [l3 

As  an  expedient.  In  the  first  period  of  iMse  operation,  the 
sewage  was  pumped  from  a  jn-w.ige  tank  inside  each  building 
to  heated  tank  trucks  for  transportation  to  the  sea.    In  the 
huiUilngs,  a  pneumatic  water  system,  supplied  from  a  water 
stor-iije  tank  (fed  by  tank  truck  in  the  early  days),  delivered 
•v.ater  to  lavatories,  showtjr?,  and  5inks.    Thftse  fixtures 
drained  Into  a  sump  and  then  into  a  wastewater  t.ink.  which 
was  the  source  of  water  for  the  toilet*;.    Sew.ige  wjis  manually 
pumped  from  the  Tiarine-type  toilet?  to  rhe  ii-.vigc  tank. 

The  system  was  not  only  expensive  to  Operate  and  difficult 
to  m.imtaln,  particularly  durirrg  periods  of  severe  weather,  but 
the  use  of  wastewater  for  toilet  flushing  was  very  Ob(ectlon- 
iible.    Wastewater  acquires  an  extremely  sour  and  dl sagreaahto 
odor  while  slandirKj  in  tanks  prior  to  its  use  for  flushing. 
C.ilclu.'n  hypochlorite  was  found  helpful  in  re'duclng  odors- 
Odor  escaped  from  the  waste  tanks  arvd  toilets  and  soon 
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pmnMMd  tiM  •INIM  bylMlng  teeugh  Him  vwntttottnB  •yttm. 
Ill*  ■wlna-ty^  wUats  m  d«slaMd,  In  a«Mml.  for  ntlMr 
IniraqMsnt  vwm.  M  a  mUltaiy  Jnnillitloa,  eeiiMqiimtly, 
oanlMC  and  hasvy  um  hnak  or  immt  out  flu  awvlag  paitt  ol 
the  nwiMially  operatwl  punp  «aMMtaly.  Finally,  llw  nanual 
labor  nqulnd  to  openta  the  puaplng  mcbanlni  rasulta  la 
laadacpiataly  flMShad  loliata.  Ibua  cwtlng  additional  edon. 

Mailna  (oUata  warn  amMinlly  MpplwMntad  iiy  oomon- 
tioBal  hydnulle  fluah  totlata,  and  tha  amfna  wUot  lyataa 
ma  Inpt  In  raaaiva.  Baoaaao  undartlow  piping  la  ondaalnble 
in  tha  oif^ieuad  InauUtod  floor  oontMiellon  uaad  at  Diula. 
waU-hwv  blow-out  Ouali  tfiUst  (Ixtuna  am  atad.  Waala- 
watar  and  tewaga  la  oaUaciBd  In  a  ainip  in  Hw  building  and 
dlMhargad  into  vravity  aawer  lines  by  an  oijaetor*  Iba  Mwar 
llnao  art  similar  to  tha  afaoveground,  alaelrleally-haatad. 
Intttlatad.  steel  pipe  water  lines.  Aftnr  ooaMlnaHDii,  tha 
■a«»aga  is  discharqed  into  the  bay  wMiout  tmatnant.  lha 
outlat  plpa  runs  along  the  bay  boUMi  apptaxlHBtaly  2SW  ft 
6rotn  shore,  where  the  depth  of  water  Is  20  ft  at  Man  loir  tldo. 

Electric  Heating  versus  Steam  Hca 1 1 ng 

Since  there  was  ample  generating  capacity  available  at  Thulo 
to  provide  the  heat  necessary  for  the  profosod  water  ar-d 
sewage  systems,  either  electricity  or  stearr.  could  have  been 
used.    Both  methods  were  considered  practical.    A  cost  analy- 
sis showed  the  electric  system  to  be  cheaper,  since  w;th  this 
systen,  fi  much  smcillet  conduit  Is  necessary  to  enclose  the 

Une. 

Th«rt»  would  bo  about  iO*  rr.oro  metal  required  for  the  con- 
duit using  the  steam  hctiting  method  than  for  elftctric  henUng. 
The  amount  o(  insulation  necessary,  being  a  (uncuon  ot  the 
conduit  dlanatar.  wotild  alao  ba  gwaiar  in  tha  alaaai  hoatuig 

system. 

The  heating  cable  used  is  rrincral  insi.latcil,  dcsigr.nd  to 
operate  at  a  skin  temperature  of  18S*  F.    The  r.iblc  is  pl.-iccd 
parallel  to  the  axis  of  the  pipe  in  a  small  electrical  conduit 
attached  to  the  steel  pipe.    Heat  is  regulated  by  thermostats 
to  maintain  the  water  at  40*  r.    The  conduit  and  pipe  are  en- 
closed in  3  in.  of  thermal  cellular  glass  insulation.   It  was 
necessary  to  protect  this  insulation  with  metal  covering  to 
prevent  erosion  from  windborne  sand.  In  other  similar 
installations,  considerable  care  had  to  be  taken  in  locaurvg 
the  thermostats,  lest  they  become  buried  in  snowdrifts- 
Water  and  sewage  plpallnas  are  supported  by  timbers 
raating  on  pads  of  nonfrost- susceptible  material  at  least 
i  ft  deep.  Where  pipes  go  undarflieund,  such  as  at  road 
crossings,  they  are  Installed  in  corrugated  metal  pipe, 
allowing  circulation  of  air  to  reduce  danger  of  permafrost 
degradation  due  to  heat  losa  through  the  insulation.  Throa 
flat  of  nonfrost  auioapttbla  bocfcflU  Is  plaoad  baloir  tha 
corrugated  pipa> 

Where  poiidlag  would  raault  from  pad  construction  across 
natural  drainoga  ana,  ditches  or  culvens  are  provided,  in 
vtaw  ol  tta  MuU  nuioff ,  culverts  are  slsed  for  maintenance 
pui|waaa«  Inow  and  lea  Mockage  is  a  constant  problem,  and 
aMpadaneo  haa  ihown  that  culverts  and  ditche.s  are  seldom 
givan  Dm  eato  nquind  to  kaap  them  fra*  ol  debris.  For  these 
Masons,  tha  mialnuim  alsa  eulvart  aalaotad  fOr  dralnaga  waa 
ISlnebas. 

M  all  pad  desalngs  where  culverts  were  required  instead 
of  en  open  ditch  due  to  pad  depth,  a  rlprapped  relief  ditch 
above  tbe  culvert  was  provided  as  Insurance  against  wash- 
out. In  case  the  culvert  did  not  thaw  before  pondiitg  resulted. 

Design  basis  for  drainage  computations  was  a  modified 
rational  method  in  which  the  runoff  coefficient  "c"  and  the 
rainfall  intensity  "i"  are  conslante<  The  feelor  "ci"  was 
taken  as  o  ■  oa  m.  /hour/acre  for  natural  erees  and  0. 04 
In. /hour/acre  for  buUdlng  areas. 

All  ditch  slopes  In  ditches  deeper  than  3  ft  were  surfooed 
with  2  ft  of  nonftoet'suseaptlfale  nelerlal  le  reduce  tbe 
danger  of  slunplng. 

SOHDHBaTRQM  m  BASE 

aandrestmn  Air  Base  (BW-tt  is  oa  the  west  oeast  of  Greenland. 


30  miles  above  the  Aictlc  Circle  at  the  head  of  Sondrestrom- 
fjord,  about  100  miles  from  its  mouth,  aondrestrosi  la  6M 
nauucal  aUles  south  of  Ihule. 

Tha  base  is  en  a  high  and  fairly  level  terrace  of  gravel, 
sand,  and  silt,  ballevad  to  be  formed  by  deposits  from  the 
melt  waters  on  a  receding  glacier.  This  terrace  and  an 
adjacent  river  extend  from  side  to  side  of  the  fjoid,  which 
Is  characterised  by  rather  steep  slopes  on  both  sides  rising  to 
2000  ft.   ITie  outlet  glacier  of  the  Icecap  ends  about  10  miles 
northeast  of  the  t^irfield. 

Seasonal  winds  blow  down  from  the  icecap:  however,  t.hcse 
"foehn"  winds  are  extremely  warm,  increasing  in  temperature 
as  the  result  oi  the  compression  of  the  air  as  it  drops  suddenly 
from  10.000  ft  to  near  eea  lavol. 


Climata 

The  mean  annual  temperature  is  24°  r.  PemaArest  exists 
throughout  to  over  ISO  ft,  with  the  active  layer  subject  to 
•eesonal  thaw  extending  to  a  depth  of  l .  S  to  1 1 . 0  ft ,  depend- 
ing on  the  surface  cover.   The  freezing  Index  is  4430  degree* 
days,  and  the  thawing  index  is  19B0  iiegne*«isye.  The  total 
precipitation  'is  $.  S  in.  These  figures  roprosant  avenge 
velues  for  a  3  year  pertod. 


W«tt^r  i^nd  Sewage 

At  Sondrr-strom ,  the  initi.il  design  o!  the  water  supply  system 
was  a  simplr  truck  (lU  stnnd  .-^t  .i  lake  about  5  miles  from  the 
station.    Thtt  wotiT  Wrts  hnuled  in  heated  trucks  and  aellvered 
to  storage  tanks  :r.  each  building.    T>i<'  sewacje  was  collected 
into  waste  tanks  at  the  buildings,  then  tr.insportcci  to  a  dlr.- 
posal  area  by  truck-  The  truck  haul  systom  lor  wnii-r  :  jly 
and  sewage  disposal  was  used  !or  .all  ol  thi-  oriqinai  u^ilnirtgs. 
Tor  several  new  permanent  buildings,  w.^li-r  I'j  supplu-a  by 
pipeline  from  a  separate  water  storage  building  close  to  the 
new  facilities.    The  electrically  heated  and  insulated  Water 
line  is  laid  on  wooden  supports  above  the  ground. 

Sewage  from  the  new  buildings  Is  collected  in  sjmps  and 
discharged  in  slugs  from  each  building  into  wood  stave  pipes- 
The  outlet  is  in  thij  rt^nrby  river.    Slug  discharge  Is  more 
effective  in  retaining  heat  in  the  sewage,  and  the  wood  stave 
pipe  provides  adequate  Insulation  where  this  type  of  dlaeharge 
is  possible. 

NAMMISBUAK 

Narsarssuak  Air  Rase,  sit  J.3tctl  tK,-.iir  thi-  .'o.jthfrn  Sip  of 
Greenland,  roughly  3S0  nautuxil  miles  !io-..tli  ol  the  Arctic 
Circle,  is  In  an  environment  more  like  Ihr-  r.ub- Arctic  thnn  the 
Arctic.   The  waters  off  Narsarssuak  seldom  freeze  completely. 
There  is  no  permafrost,  and  ftost  ponotiatlon  during  the  Winter 

averages  only  8  to  10  ft. 

Extreme  temperatures  range  from  -1?  T  to  7!i  F-  Precipita'- 
tion  IS  high,  averaging  27  in-  .''year,  with  the  heaviest, 
3.S  in, /month,  occurring  In  late  surr.rr.er  and  autumn. 

The  winter  water  supply  is  pu.T.ped  fron;  wells  in  the  nver 
bi^d  to  ,1  ro::ervoir.    The  summer  supply  is  gravity-fed  from  a 
Stream- supplied  pond.  The  sewage  is  discharged  untreated 
into  the  fiord. 

OOMMUMtCMnON  STATIONS 

In  addition  to  the  principal  air  bases,  several  communication 
stations  were  built  on  ice- free  mountains  neor  the  coast  and 
en  the  vast  icecap  plateau  in  the  high  Interior. 

The  land- based  stations  follow  the  same  pattern  of  either 
truck  haul  or  heated- insulated  water  supply  line  from  lake 
storage  as  at  Thule.  Sewage  is  discharged  untreated  down 
the  side  of  the  mountain  through  staam-haeted.  Insulated 
outfalls. 

Ob  the  leeeep.  unique  pi^ilsms,  pertioulMly  In  disposal, 
vrete  encountered. 
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Strijclijr<>s  on  the  Ict^cap.  under  successive  unine:t;r»}  snow- 
falls, biifomc  burled  wUhin  the  icc  moss  itself  at  a  fairly 
uniform  rate  of  about  i  ft/year  near  the  surface.    The  rate  of 
burial  decreases  with  depth  as  the  density  of  the  snow  in- 
creases.   Structures  Intenderi  for  continuous  use  over  a  period 
of  years  must  be  designed  tc  a.'.ow  for  this  gradual  subsidence. 
Sc'T.e  hiive  be^Tj  b_ij".  to  remain  buried,    Cont;nu-."""l  locess  Is 
i!tlc!i.'-iea  by  tc-ltif  cpin-g  venscnl  lut-v;  c.-ang  lo  t!ie  surface. 
Others  have  been  bi_.Jt  cr;  iiurif  J  lour.J'.tlons  supporting  an 
elevated  structure  tluii       pfi;oJ.::it.ly  jncked  to  keep  It  above 
the  .".now  s_r).ii-i!.    '.i.  ej^her  case,  otiy  hf  ii  put  mto  the  snow 
by  .lew.igf!  di,'.[.os,il  must  be  kept  ffli  <"nouyn  iio:n  the  structures 
to  previ-:  '  .r.M  -iTfi-  on  thi-  I  iti-  of  rfttl'-Tn.'nt . 

The  iollowirsj  is  o  Jos.rr;f:t;on  ot  tnc  -orritructlon  carr.p 
•i.ir.i-.iry  fdcllitJos  for  one  snsl  ill'tion  un  ;<■:  construction  for 
about  3  months  with  a  peak  labor  force  of  about  luu  men  L2j. 

On  altlwr  9U»  of  th«  kltdwn  was  sractad  a  single 
Anw«u.  OM  for  water  itorage  and  the  ether  for  a  latrine. 
Hw  Utrtne  wee  equipped  wtth  four  lavaterlee<  few  ehewer 
stalle.  one  90  gal/hr.  oiJ-firad  water  heater  and  few  Mlet 
etoole.  Selid  waete  iraa  eaught  in  eut-down  fOL  batrels 
and  tnnepectad  fnquently  te  a  waste  pit  sene  distance 
dowiHflnd  of  eam^.  Kltdien  and  latrine  waste  water  was 
^pad  to  a  point  atout  U  feet  tnm  the  kitchen  and  dis* 
charged  enio      simr  where  it  eventually  made  a  hole 
3  feet  in  diameter  and  60  feet  deep. 

The  water  storage  Attwell  waa  equipped  with  one  oil- 
fired  water  heater,  pump,  pressure  tehki  a  7S-«aUon 
storage  tank  and  twehre  SO-gallon  banelf  for  water  Morage* 

Six  deUvery  barrels  nwunted  en  a  sled  transpened  water 
to  tho  storage  tanks  Iron  a  Cleaver  Brooks  snow  oielter 
SOO  yds.  upwind  hen  oanp.  Adoaer  filled  the  snow  aielts& 
The  pimp  in  the  water  atonga  Attwell  both  tilled  and 
emptied  the  storage  bairals.  Die  ^mp  uaed  approximately 
1 S  to  25  gallons  of  water  per  day  par  nan.  A  washing 
nadUiie,  used  by  the  cooks  only,  consumed  much  of  the 
water  although  it  la  believed  sufficient  wsiw  could  have 
been  supplied  for  firae  use  of  the  machine.  Water  supply 
required  about  six  man-hours  per  day. 

In  general,  the  perr.srient  irystjllat.oris  ori  the  icec^ip  jet 
their  w^^ter  supply  from  snow  mellers  fed  by  dozers,  and  the 
:s  disc  harged  untreated  through  wood  stave  sewers 

into  tiie  snow. 

To  determine  the-  de  pth  .ir.i  Jateral  extent  of  the  sewage 
pits,  and  the  extent  of  six>w  warmirvg  near  the  pits,  a  study 
was  made  of  three  Installations  in  use  at  least  a  year  L3j. 
One  installation  had  been  used  3  years  and  then  abandoned. 

The  holes  thawed  vertically  down  from  the  sewage  outfalls 
were  about  3  to  4  ft  In  diameter  at  the  outfall  and  7  to  12  ft  in 
diameter  at  the  top  of  the  sewage  lenses.   The  lenses  were 
planoconvex,  with  a  nearly  plane  bottom.  Thicknesses  of 
lenses  were  from  20  to  35  ft  at  the  centers.  Diameters  ranged 
frotn  100  to  200  it.  Tops  of  lenses  were  roughly  100  ft  below 
the  snow  surface. 


The  aumawry  of  the  liwestigatlon  is  quoted: 

The  aepth  of  sew.igc  penetration,  appears  to  t-e  noro 
dependent  on  snow  density  than  sr.o-.v  or  sewsi^e  te.Ti- 
per.iUreE-    In  .ill  cases  the  specific  :3ravKy  cf  the  anow 
u.iderlyjna  the  sewage  lenses  was  approximately  0.80. 
Snow  of  this  der.sity  is  Impervious  (sOO  8IFIIE  AepCtt 
No.  37  ii.itfLi  November  19S7). 

The  dl.imeter  of  the  sewage  lens  Is  dependent  on  the 
rate  ol  flow  .md  the  sewage  and  snow  tcmpi;i.5tLiri's.  The 
efl'Tt  '!|  th'-  S'-wage  and  snow  tcmptTafiro ii  is  very 
srr.ill  com.parci;  to  that  of  the  rote  of  f^cw  for  volumes  Of 
sewaye  to  be  expected  In  r.inps  cf  JU  men  or  more.  .  .  . 

Siijr.ificant  warmirig  of  the  snow  around  the  lens  is 
limited  tc  approximately  50  feet  in  all  direct. ons .  Suffi- 
cient wnrmirig  to  cause  etvough  loss  of  snow  strength  to 
cause  possible  differential  settlensM  IS  eoollnsd  tO  a 
distance  of  less  than  10  feet. 

Diffirrei.ti.il  settlement,  exci'pt  directly  over  the 
liquid  pool,  il  any,  is  smal.  er.01.j3h  to  be  msignificint . 
In  fact,  no  evidence  of  settienicrt  such  as  <^  ;-5ye:  of 
higher  than  normal  density  snow  dirocf.y  above  or  below 
the  sewage  lens  was  criCO'jntereri . 

The  rate  of  sev/age  buildup  (increase  ;n  elevation  of 
surface  of  sewagel  15  primarily  dependent  upon  t.he  rate 
of  flow  (approximately  36  feet  per  year  for  an  average 
rate  of  ICCO  to  '.500  gallons  per  day) ....  The  r.^te  of 
buildup  will  iKJt  be  constant  unless  it  happens  to  roughly 
equal  the  snow  accumulation  rate  at  the  site.   Where  the 
mean  buildup  rate  exceeds  the  .snow  ,nccumu!ritlon  r.ite. 
It  will  ije  gre,itr-st  early  ir.  the  life  o!  the  ;iew^i;:i  pii 

dropping  as  the  ice- lens  rises  into  less  dense  snow  and 
the  dlasMtar  of  the  lena  Ineroases. 


ACmOWLSDGattMt 

The  Infoxmation  contained  in  this  iwper  was  derived  princlimlly 
from  iavestlgBtlOBal  and  design  mifc  done  by  the  Goipa  of 
Engineers.  U.8.  Army,  and  ArAitact- Engineer  |olnt  venturoa 
In  which  Metcelf  &  Eddy  paitlcipotsd.  The  auDMrs  wish  to 
express  their  appreciation  to  the  Ooips  of  Engineers  for 
pennlsslon  to  present  these  data. 
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DOMESTIC  WATER  SUPPLY  AND  SEWAGE  DISPOSAL  IN  THE  CANADIAN  NORTH 


A.  YKTES,  DoipiBrtiiMiiit  of  Morthmi  NatUMal  Haaaureaa 
D.  R.  STMILEY,  Stantoy.  Grindda.  RBUn,  Ltd. .  Ottawa 


nils  paper  deals  with  water  supply  and  sewage  disposal  In  the 
Ylikon  (Y.T.)  and  Northwest  Terrttoiies  (NWT)  of  northern 
Camda.  These  cover  1  .SU  ,979  sq  miles  or  39.  3%  of  the 
total  Canadian  land  and  water  mass;  lie  above  60°  latitude, 
and  are  populated  as  (ar  north  at  Alert  at  the  63°  latitude. 

Within  this  vaat  ana  thara  it  a  great  vartaty  of  physical 
characteristics,  ranging  from  rugged  meuntalna  through  tim- 
bared  valleys  and  plains  to  the  bleak  tuBdn  north  of  tha  traa 
Una.  Lakes  and  rivers  abound. 

Climatic  conditions ,  though  varied,  are  characterized  by 
long,  cold  wlntera  and  an  almost  datertlike  lack  of  preclnlta- 
tton.  Temperaturat  nay  fall  at  low  at  -82*  or  rite  to  95  F.  In 
tha  high  Aretie.  winds  of  over  100  mph  are  frequently  raoordad 
wUh  totaw  xaie  tmaparaturet.  Much  of  the  Tarrltorlaa  It 
eowMwS  hr  pofiMftoit.  Fig.  1  thowi  the  line  a^a  which 
panuftett  can  ba  axpaetad.  Ftirthar  aouth.  Itolatad  poekalt 
ol  ptcnaftott  nay  axltt  and  anywhara  la  tha  laMtoflat  fnat 
conditions  auat  ba  oonaidarad  in  tha  daalgn  oonttruetlon,  and 
eparatlen  of  water  supply  and  sewage  disposal  syatama. 

Within  this  area  live  fewer  than  40,000  paraona— 14.628  In 
Ih*  y.T. ,  tha  halanea  In  tha  NWT.  Indiana  or  Eaklmoa  nak* 
up  BOc*  than  15,000. 

The  eoonomy  of  tha  Territories  la  baaad  on  Ita  raaouioea. 
both  renawaUe  and  nonranawaUa.  Connunltlat  have  grown 
up  around  mines  (Yellowknlfe);  transportation  centers 
(Whltahoraai:  trapping  areas  (Aklavlk).  and  admlnlstratlva  and 
•ducatlen  eantart  llawitt. 

Commuaieatieiit  leutaa  Into  and  within  lha  TaRltertas  ara 
shewn  in  Fig.  I.  Only  ttia  Yufcon  and  the  aoulham  parts  d  tha 
Maekassla  Mvar  basins  ara  aaivad  fay  load  or  rail.  Tha  net 
is  saivad  by  watar  and  air  or  air  alona;  hanoo.  tmnspottatlon 
Is  costly.  Watar  transportation  ooau  to  Spanoa  Bay  ten 
railhead  at  Waterways,  Alberta  (Alt«.>.  for  aaaaiplo.  ara  9400 
p«r  ton.  nw  watar  shipping  saaaon  la  aboct.  off-loading 
fsdlltles  at  awst  sattlaawnts  prlsiltlva.  and  goods  ara  often 
lest  or  damgad  In  shlpmant.  Nonnslly.  air  transportation  Is 
isera  cartain  although  sion  eeslly.  but  only  larger  ssttlaownts 
ara  aqulppad  with  airstrips  eapablo  of  handling  sniltlanginsd 
aiicnft. 

Tha  gevarmiants  of  tha  two  Taintanas  era  in  a  tnnsittry 
stags  davolepino  toward  fidl  atrionosiy  as  pravlnoos.  At 
prassnt  tha  Y.t.  Is  (KMrarnod  fay  a  Cesiadssienar  appolntod  by 
tha  Govaraor  Gsnaial  In  Ooundl.  abM  fay  a  fully  aloetod 
Couneil  of  savan.  Tlw  NWT  am  govwnad  fay  a  OoauslssMnsr. 
aidad  by  a  Council  of  four  alaelad  awsifaara  and  Cour  fadarally 
appolntsd  nanbora.  The  NWT  ai«  soon  to  be  split  Into  two, 
tha  Madsaaale  Itarttoiy  and  Nunasslaq.  Htm  ModMnslo  Tenl- 
toiy  moving  toward  «  graalsr  aulonoaiy.  Natural  rssouvoM  of 
tha  TsfiMortas  (smapt  gaaw  nawsgssiand  sm  adsilnlsiamd  by 
Tha  Fadanl  Qovamnant.  lha  IWsnl  Oovamsiant  also  has  a 
ststutoiy  nspenslUllty  tor  tha  wolfara  of  tha  Ssklows  and 
Indians. 

BaoM  stops  hsiva  baan  t^kan  toward  local  snmlelpBl  gowm- 
MOt  in  tha  ThMtatlas  and  a  few  nunlelpalttlaa  saast.  Othar 
laenl  govanmants  ara  in  transitory  stagss  (Looal  laipiovaaiant 

fMstrlctB,  milages,  etc.)  developing  toward  municipal  status. 

Ttie  estabtlshtnem  of  local  government  is  difficult  becsusa 
of  the  ralatlvely  small  private  as  compared  to  Federel  or 
Ttorttorlal  assassaiant  In  oonsiiinltlaa. 

I.-iolatlon 

Isolation  ot  settlements  Is  a  major  factor  In  the  design,  con- 
strucUon,  and  operation  of  water  supply  and  sewage  disposal 
fAclllties.    Designs  must  be  complete  because  of  this  Isola- 
tion.   Project  materials  are  normally  shipped  In  by  boat  during 
the  summer  season.    Mlssirtg  Items  must  be  flown  in  at 
considerable  added  cost. 

Design  simplicity  it  imperative.  Operators  at  best  ara 


partly  skilled  and  work  under  the  attst  diffleult  conditions. 
The  nearest  source  of  technical  advtOS  and  guidance  may  be 
1000  miles  sway;  thus,  duplicating  essentials  is  advisable. 

Construction  materials  and  equipment  for  the  |ob  and  sheltar 
and  food  (or  the  crew  must  be  shipped  according  to  a  praeisa 
plan.  The  work  crew  must  be  very  carefully  selected— en  In- 
efficient man  on  the  crew  does  perhaps  more  damage  to  a 
project  than  any  other  single  factor. 

Isolation  makes  repairs  on  existing  systems  difficult. 
Spare  parts  and  skilled  tradesmen  may  have  to  be  flown  in. 
Good  design  by  duplicating  asaantlals  or  by  supplying  spara 
assemblies  and  simple  design  by  allndnatlng  coaipllcatad 
controls  and  macblaary  can  greatly  redtioe  oparatliig  probtasis. 

Labor 

Morlorr.  tr.irlr  ;;k;lls  .jir  :»-irxj  giijdually  developed  by  the 

Cc1r.drii.5r.  K.'jk.no  jrii  iri:ii  j,n.  At  prossat.  Only  a  vaiy  fsw 

skuled  tradesmen  arp  .3V3i;.3b>. 

Most  skilled  labor  for  construction  projects  must  be  brought 
in  from  southern  Canada,  must  be  transported  to  and  from  tha 
Job,  fed .  and  houtad.  and  nay  cost  mora  than  $1000  par  sionth 

to  support. 

GooJ  Joslgn  In  the  Arctic,  thert?fore,  rerjuires  maxlmLm  use 
of  local  unskilled  and  semiskilled  labor  for  construction.  Not 
only  .!•.  this  cheaper,  but  It  also  develops  tha  latent  akllls  of 
local  people. 


TRt  PROItElil 

The  problem  of  water  supply  and  sewjgo  disposal  In  northern 
Canada  is  twofold:    First,  to  obtain  £idaci.^eite  water  supplies 
for  drinking,  culinary,  and  minimum  sanlt.--tion  r'jqulrements 
and  dispose  of  human  waste,  garbage,  ami  .v.i  ^h  water  In  a 
ssusf.^ctory ,  sanitary  manner.    Second.  10  provitiij  modern 
water  and  sewerage  systems  so  that  inhabitant*  can  enjoy 
nonsal  asMiiitias  st  rsasonahia  eest. 

MAJOR  FACTORS  AFFECTING  DESIGN 
Frost  and  Permafrost 

Tha  design,  construction,  and  operation  of  water  supply  and 
sewaga  disposal  sysisms  ara  Inevitably  aftoeted  by  die  site 

In  permafrost-taa  anas,  annual  float  may  peaatnte  14  to 
10  ft,  and  It  Is  often  eonsldersd  uneeonomioal  to  buiy  pipes 
below  tost  level.  Systams  era  desl(p»d  to  operate  In  totally 
or  partly  toaen  ground.  WMIa  e  sesrarilas.  baoeuse  of  the 
heat  esiitod  In  it.  nonsally  operates  quite  well  during  the 
winter  U  burled  to  a  moderate  depth  (7  to  10  fd .  a  weterllne 
readily  toseses  unless  special  prsoauttons  ara  taken.  Con- 
tinuous eireulatlon  or  bleeding  to  waste  alone  or  ooupled  wltt 
water  hestliig  ara  means  eomawnly  used  to  prevent  fweslnp 
under  these  conditions  ■ 

In  pscmalkeet  araes  a  dlffaieat  appneeb  to  design  is  taken 
to  prevent  heat  tfaasfar  torn  the  system  to  permafmst.  Pienna' 
tost  esa  soneUaies  be  used  to  advantage,  tor  example,  by 
creating  a  psmatost  dam. 

Population  Density 

Most  settlements  are  sparsely  populated.    Larger  towns  which 
have  proper  !i!!v/«r  snd  water  systems  may  have  2000  persons  or 
lest.   Populjiion^  01  settlements  in  which  some  form  of  organ- 
ised water  supply  and  sewage  ditpotal  facilities  exist  or  ara 
planned  range  from  SOO  to  1000.  Fewer  people  means  less 
money  to  pay  for  thass  ssrvicas. 
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VKW  OF  WELOeO  ALUMMUM  ICE  MEUINO  TANK 


VIEW  Of  MECHANICAL  ROOM 
TMIIEE  BEOffOOM  HOUSE.  IM2  MODEL 

Ftg.  2.  lypleal  1m  iiwlttng  tank 


Economics 

No  new  •clenUOc  or  engineering  braekttiroughi  are  required  to 
bitBQ  oaitlwfB  PMpto  pm  wstsr  awl  Mf»  m«vb««  dtoponl. 
Bomwar,  fha  dmmiopmmM  of  mofv  ntlanal  dealsn  ciltarta 
tliRHigdi  prsotlcal  Teeeoich  and  better  conmunlty  planning  to 
fadUtBte  economic  sefvldng  oould  reduce  eoata  lubatantlally. 

In  aouthern  Canada  th«  Bouno* ol  money  for  water  aupply 
and  aawage  ditposai  systama  la  Urn  nunieipality.  The  munld- 
paUty  ultimately  recovers  the  capital  and  operating  OMla  tern 
tha  taxpayer  but  may  be  helped  Initially  by  a  grant  or  a  loan 
Itaai  tiia  pntrinoa* 

In  nenhani  Canada,  tew  ■udclpallUaa  axlat  and  none 
baa  a  big  enDugii  tax  baaa  to  afltaid  a  watar  supply  and  sewage 
dlapeaal  ayatam.  Munidpalltlaa  have  been  aided  by  Tecrl- 
tortal  and  Tederal  GoverruBenti  to  build  these  laollltlaa*  Onoa 
built,  operating  costs  are  recovered  from  consumers. 

In  unotvanUed  settlements,  however,  operating  costs  ara 
often  too  hlgb  to  be  recovered  from  the  limited  number  of  con- 
sumers .  On  the  other  hand,  health  conditions  make  pure 
water  supply  and  safe  sewage  disposal  mandatory .  The 
Govermnont  of  tha  NWT,  tharalore.  pays  SOK  of  the  capital 
and  operating  coata  of  thaaa  ayatams.  tha  balanoa  being  paid 
tv  oenauflMra.  Evan  thaaa  ganaieua  finanelal  pravlalena  oftaa 


vaault  In  tha  eohaMBMr's  paying  HMea  aa  nnich  aa  hia  aoattam 
eoiintaipait  tor  mlatlvoly  prbnltlw  faeUlttoa. 

CURRBNT  DBSnSM  AmKMCHBS 

Water  supply  In  northem  Canada  Is  obtained  from  surface 
waters,  such  as  lakes,  rivers  or  streams,  or,  in  a  few  cases, 
ground  water. 

Fortunately,  northem  Canada  is  well  supplied  with  rivers, 
creeks,  and  lakes  which  provide  adequate  sources  for  domes- 
tic water  supply.   During  winter,  however,  some  of  these 
sources  may  freeze  into  solid  blocks  of  ice,  making  oonvan* 
Uonal  means  of  transporting  the  water  to  the  consumers 
Impossible. 

Many  rather  large  settlements  still  depend  on  Ice  for  their 
wir.ti-r  wnti-r  sut.(:;y.    MO'i<-:n  tt'chnnlogy  i  r;  .j^ed  in  its 
harvpsting  and  conversion  to  wat>?r-    Ice  is  cut  into  blocks 
by  c;-33oi;ne- powcrod  sj'ms  and  tr.insportcd  by  tractor- drawn 
sleds.    Ice-neitlng  t-snits  (Fig.  2)  .ire  used  m  buildings  to 
convert  ice  to  water.    '.Vhjl."  r.n.irol  i.-e  is  r.ormally  p'l-ire  ,  it 
can  became  contaminated  dunriii  ctiinq.  transp«rtlr/g ,  and 
long  storage  out^ildi^  the  ho.T.f-  at  the  m'>rcy  of  the  sled  dogs. 
The  householder  is  encourdged  to  use  chlorinauon  tablets  or 
a  liquid  chiortnatlng  agant  taafora  nalng  tha  watar  far  drlAklng 
or  cooking. 

Ground-w.=tter  supplies  ara  uaad  In  a  few  Instances  in  the 
north  to  supply  individual  and  In  some  cases  community  water 
supplies.    There  has  been  very  little  exploration  for  ground 
water  and  con-sequently  the  potential  has  not  been  exploited. 
At  pre.siMit  thi-  G,>olc,gir,i  1  .Sup.'i?y  of  Canada  is  gathering  data 
and  will  soon  publish  o  report  on  ground-water  potential  in 
northern  Canada. 

Most  surface  waters  In  northern  Canada  arc  oi  -^xcoilent 
quality  and  require  little,  if  ar.y    trcatriert  bofor-:?  b»::ing  used 
for  domestic  supply.   In  some  small  lakes  the  water  may  be 
colored .  and  In  sooM  Of  Um  rlvara  Or  atnana  It  may  be  twfald. 

colored ,  or  both. 
Sewage  Disposal 

(a)  Individual- Tor  IndlvMwala  and  aatUamanta  whara  a  ptpad 
nawao*  <Uapeaal  ayatam  la  net  praotleal  or  aeenomtoal.  oiany 
dlffawnt  malhoda  ava  uaad  tbr  aaaltary  dlapoaah 

Whara  aoU  and  ftoat  ceodltlona  panalt,  pit  pnvlaa.  eaaa- 
pita,  and  aaptie  taaka  ata  widaly  uaad.  Low  tanpaiatuna 
ratavd  aeHon  In  aaptie  tanka,  hanca.  largar  tanka  with  lonoar 
utmMMk  parioda  am  often  uaad.  Saptlc  tanka  aiay  be  bwtod 
aa  much  aa  10  ft  balow  ground. 

Ihsaugh  aiueh  of  iimtbaia  Canada,  pit  prlvlaa  or  aeptle 
tanka  an  not  piactloabla  dua  to  permaboat  oondttlona.  Hate 
the  aioat  wldaiy  uaad  fom  of  aawage  dlapoaal  la  the  "cheadeal 
toilet,"  with  plaatte  bag  Inaait.  Thla  typo  of  toilet  (without 
the  plaatle  tog  Inaard  la  widely  uaad  im  aoufbem  Canada  In 
eaapa  and  auMMaar  oottagaa.  It  ta  aianafaotuiiad  aa  a  uttll- 
tarlaa  aitl^  and  doaa  net  111  Into  flia  oOiaiwiaa  modani  and 
attnctlva  pamanant  houaing  built  for  tha  North.  Tha  Canadian 
Dapartnent  of  Mertham  Aflain  and  National  ftaaoureea  haa 
designed  a  mora  ptoaalng  looking  tallM  Of  the  sanM  type  with 
a  polyethylene  budcat,  ooatlng  about        The  plaatle  beg  la 
laada  of  2  aU  poIyoOiytona  and  csoata  about  3.  S  oanta.  The 
plaatle  beg  with  eontenta  la  dlapoaed  of  either  Individually  or 
thiou^  an  oigsnised  pickup  service. 

More  refined  methods  o(  individual  sewage  disposal  are 
also  In  limited  use  in  the  Canadian  North.  None  has  gained 
general  acceptance,  partly  because  of  cost  and  also  becauaa 
of  their  greater  complexity  and  potential  unreliabtllty.  One  of 
these  uses  a  recirculating  chemical  fluid;  another  type  uses 
propage  gas  or  electricity  to  burn  the  exotatas  a  third  is  a 
recirculating  aerating  unit.  A  multiple  unit  of  the  latter  type 
%iraa  design  by  the  Ontario  Research  Foundation  aniS  installed 
In  the  school  at  Cape  Dorset,  NWT.   Sufficient  operating 
experience  has  not  yet  been  gained  to  assess  this  unit. 

In  some  locauons  where  septic  tanks  have  been  used,  the 
aoll  will  not  abearb  the  effluent  and  pump-out  tanka  ara  pro- 
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vlilc-d.    A  trucking  sy-;ti'in  i-:  h<-t  up  to  p«rto4lCally  h*lll  SWty 

and  riispose  ol  the  septic  tjn*;  fi  :l  iktiI  . 

(h)    Commumty— VV'hcro  there  is  a  coir.munity-plp#d  OT  • 
trucked- sewage  collection  system,  there  an  QtMnUy  thTM 
alternatives  for  treatment  and  disposal. 

The  first  is  simply  discharging  into  a  river  or  laltf  wi!r:  jt 
pretreatmer.t.    If  dilution  is  not  considered  sati sfjt  tnry  thijn 
some  form  of  pretrcatnent  may  tw?  reijjlred.    Thii;  t  i;  .jc  any 
convcTitional  treatment  with  or  v^ithout  chlorlnatinn.    It  is 
questiorable  whi'tlipr  tn-^re  are  any  situations  in  the  North 
where  treatment  ioi  tumovsl  of  biochemical  oxygen  demand 
(B.O.D.)  or  5U5prnJed  solid-;  is  Justified.    In  most  cases, 
rertiicirg  coliforn  organ: Is  the  only  Justification.  With 
lary.'  rivers  such  as  thi-  M  .^rVonzic ,  concentration  ol  conform 
organisms  is  low  enougn  to  bo  within  normal  standards,  except 
very  close  to  outfall  sewers. 

Sowage  lagoons  or  stabilization  ponds  are  another  method 
of  treatment.    Observations  made  by  the  Canadian  Department 
of  National  Health  and  Welfare  indicate  that  under  almost  any 
conditions  sewage  lagoons  provide  the  s.'ifest  and  most  eco- 
norotcal  sewage  disposal  (or  comjnunlU«(  and  iniUtutlont- 
ResearcK  work  is  necessary,  howwwr.  to  mom  etoarly 
•stablish  design  criteria- 

Caitain  design  criteria  have  been  e^t.tbllshcd  for  r;cwage 
lavoons  in  more  populated  parts  0(  Carvado  and  in  the  United 
States.    Some  are  arbitrary,  but  more  recent  ones  have  been 
eatabllshed  on  the  basis  of  research  and  axparlenco.  Climatic 
conditions  In  the  North  made  it  rathar  daaQWtous  to  apply  these 
criteria  there.  It  appears  that  when  sewafa  can  tie  stored  ovai 
the  winter  and  discharged  during  the  few  ■umnar  mccitha  aftar 
the  effluent  is  sufficiently  treated,  the  requirements  of  good 
treatment  ^ire  met. 

Depths  of  7  to  8  (I  should  be  provided.  The  lagoon  can  ba 
oparated  at  a  depth  of  3  to  S  ft  in  the  summer,  but  the  greatar 
dapth  is  used  for  winter.  Also  with  ice  thicknasa  up  to  6  ft 
thara  is  still  some  liquid  in  the  lagoon.  Inganarai,  B>0>0> 
loading  Is  not  a  major  pfoblam.  aithoudh  if  deepar  lagoona  ai* 
provided,  B.O.D.  loading  in  the  spring  may  be  rathar  high. 

AnaanUe  lagoens  may  have  soma  potential ,  but  the  vary 
knr  tamparatura  ratards  biological  acuon.  Anaambic  lagoons 
naad  long  retention  ponds  when  uaed  Ibr  atoraga  unless  the 
affluent  can  be  dlacbargad  Into  a  laiga  anough  body  of  watar 
to  dltuta  tha  baetarta  to  a  aafa  count. 

Trucdtad  Distribution  and  Collactlon  ftrataiaa 

In  aiany  norfbam  aattlaawnta  tnieki  or  tnilara  aupply  watar 
and  haul  away  aawaga.  Iha  uaa  of  a  tniek  dlaMbuUon  or  a 
piped  syatem  is  baaad  on  aeononlea.  Whlla  tha  oparatlns 
oost  of  a  plpad  syttam  it  nomally  ohaapar.  tta  eaplMl  coat 
la  much  highar.  lha  truck  lyalam  la  nera  praetteal  lor  tha 
amallar.  aeatland  iattlananta.  In  aona  oasaa.  Inlaratt  on 
capital  roQUirad  for  a  pipad  ayttam  (thla  Inoludad  tha  raloea- 
lion  of  aavaral  buildtngd  waa  autUolant  to  pay  annual 
oparating  cettt  of  tha  track  ayatan. 

lha  truck  uaad  la  althar  a  eonwantlonal  two-  or  toiv-whaal 
drive  or  a  tracked  vehicle.  The  latter  is  necessary  where  no 
roads  exist  and  where  an  ovaranow  vehicle  is  required  In 
winter.  The  sane  vehicle  can  haul  trailers  for  water, 
sewage,  and  fuel  oil. 

The  water  tank  truck  used  la  usually  fitted  with  a  1000  gal, 
two -compartment  ataal  tank.  A  fire  punp  of  100  gpm  with  SO  ft 
of  hose  is  also  carrlad  on  the  truck  as  an  amergancy  fire 
fighting  vahlela. 

The  sewage  tank  track  uaad  la  also  nomally  Uttad  with  a 
1000  gal,  two-oompartmsnt  ataal  tank.  A  sa paiataly  powavad 
aawaga  pump  it  meuntad  on  tha  traek. 

Intulatad  tankt  hava  baan  and  aia  batng  utad  in  soma 
looatlont.  Tha  axtra  axpanaa  Involved  does  not  soem 
wamaiad  tinea  unlnaulatad  tanks  glva  equally  sausfactory 
tanHoa  irtlh  vaatodalilo  oaia. 

Inside  buHdlnga,  watar  and  aawago  taidta  ai«  pmvldad  and 
Pullman-type  tollata  an  naad  Itt  oonaeiva  watar.  A  typical 
plumbing  layout  for  a  houaa  la  ahown  In  Ftg,  i, 
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WnadtyatorDiatrifautton 

To  attract  parse nnel  needed  In  nonhatn  Canada  to  admtnlatar 
both  govammant  and  prlvata  oparattent.  It  It  baoemlng  meio 
•pparant  tfwt  mott  paopla.  otptdaUy  thota  Uviag  In  laigar 
oomminiltlat,  are  damandlng  modam  walar  and  amnago  faoUl" 
tiat.  In  the  paat  few  yaara  thla  demand  haa  leeulted  In 
aavaral  madam,  but  anpanalva.  water  dlctrlkutlaa  tyttama. 
EaaanUally  Ova  typet  of  piped  dlairtbutlen  ayatamt  ware 
eontldarad! 

1 .  A  conventional  plpad  tyttam  it  built  with  tha  pip* 
buried  below  seasonal  frost  penetration. 

2.  A  oonvantlcnal  pipad  syataa  la  buUt  with  tha  pipe  laid 
within  the  aeatenal  ftoal  panetrntlon  bm  with  haatmo  and 
radceulatioo  or  wasting  to  pravaM  Ereaalng. 

3.  The  plpa  la  iBaalBtad  and  builad  wMiln  tha  ■aaaotwl 
Croat  penetration.  Leea  beattnp  with  radroulatlon  or  watting 
it  rtqulrad. 

4.  Tha  plpa  ia  Inaalatad  and  placed  In  permaboit  areas 
above,  on,  or  below  tha  ground.  Heating  and  recirculation  or 
waatlag  is  required. 

5.  A  utilldor  is  used  to  carry  the  pipe.   This  is  perhaps 
beat  for  reliability  but  because  its  cost  is  high,  its  use  shotdd 
be  ratarved  for  high  rise  or  concentrated  building  schemes. 
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Where  there  is  a  demand  for  modern  piped  water  systems, 
piped  sewerage  systems  are  also  needed,  except  where  septic 
tanks  and  disposal  fields  can  be  provided*  PIpsd  MWHV* 

collection  systems  considered  were: 

1.  A  conviintloHit !  gr.ivity  syi;tom  is  ii'.llt  below  the  frost. 
Bocausc  ol  deep  frost  ponctrjtlon  m  mos;  oi  the  North,  this 
system  cannot  often  b«?  installed.    In  rr.ony  casf--:,  hOWCV«r, 
the  system  can  operate  to  sorr.e  extent  with:r.  seasor>,al  frott 
per.etr-3ticn .    The  wariL  sewage  normally  comintj  out  of  butld- 
ir.'js  IS  such  that  sewers  operate  satlsiactonly  even  It  the 
normal  fioBt  imwtraUan  i9  »  fwr  ttmt  balowr  tita  taottDm  of  th* 

plp-9. 

2.  A  gravity  systex  Is  bjll:  withir.  seaEonal  frost  p^enetra- 
tion  but  provided  '//it.h  sufficient  flow  by  bleeding  to  prevent 
freezing,  or     locrited  olosc  •Rouffli  to  a  IwaMd  nwtw  ayitam 
to  prevent  lieezlng. 

3.  A  gr.ivity  :;y.'.1<!rr.  Is  plnceil  wilhin  thi-  sert'ionsl  frost 
layer  but  InsuUtod  to  ruduce  heat  loss.   In  such  cases.  It 
may  be  possible  to  operate  the  syM«n  on  vwy  Uttl*  blMdlng 
with  normal  flow  in  the  sewers. 

4.  A  pressure  sewer  systen-.  is  devised  with  rcclrciilatlon 
in  the  system  or  wasting-    Here  ihe  pipe  roulil  bf?  fiUhe:  in- 
sulated or  uninsulated,  depending  on  the  relative  cost  of 
heaung  and  Installation.    It  would  be  practical  to  build  such 
a  system  only  if  each  service  contained  a  septic  tank  so  that 
effluent  from  the  septic  tank  could  be  pumped  Into  the  pres- 
surt>  collection  syf.tt?T..    Pumping  raw  sewagv  InlD  niCh  • 
system  would  protwbly  riot  be  feasible. 

5.  litllldors  provide  the  most  reliable  sewerage  syttemi 
but  their  cost  i.s  high.  Othor  •ystems  deserve  more  study 
before  they  are  rejected  for  th*  OMM  tiaiply  dailgmd  but 
nor*  costly  utilidor. 

A  Low  Cost  Piped  System 

A  minimum  •iton  l.-Md ,  low  coct.  piped  system  design  needs  a 
hasK:  welter  yource  and      mean:;  ol  sew.^ge  LllspHiSrtl.  Instead 
o!  a  trucked  system  an  Insulated  plastic  pipchno  is  proposed 
o;  2  or  3  in.  in  d;a.  Insulated  with  1.5  to  2  in.  of  flexible 
gloss  fiber-    All  of  tnls  is  completely  enclosed  in  a  6  to  8  In. 
plastic  pipe-    This  line  might  be  laid  as  a  loop  circuit  right 
on  the  ground,  or  just  under  the  ground  to  preverit  damage,  or 
perhaps  even  suspen,der:  above  the  ground  or  power  polos.  It 
will  pass  through  each  building  to  eliminate  the  danger  of 
frozen  building  ser/ices.    C-ontinuous  circulation  is  maintained 
and  heat  1b  added  at  the  pumphouse,  if  necessary.   The  cost 
o!  thi  s  piplna  ia  only  about  $S/ft  wllh  Uttla  tnatallatlon 

trouble . 

Tor  the  sewerlme  a  similar  looped  syste.Ti  can  be  used- 
Each  house  or  building  ss  equipped  with  a  .=-,eptlc  tank  within 
the  heated  perlrr.oter  and  the  effjuent  from  the  t.-inx  will  be 
discharged  into  the  continually  ciicuiating,  pressurized  main 
seweriine.  Since  no  soud.s  qie  caiflad  In  tha  aanrarllna,  a 

2  or  i  In.  dla .  pipe  t?,=in  be  used. 

Hopefully,  a  protctypo  of  this  system  will  be  built  at  one 
of  the  settlements  soon,  perhaps  to  suppl«m«?nt  a  trucked 
system.    If  .'iucce 'isful  and  economically  fe.^sible,  it  would 
be  practice!  tor  settlements  such  as  Akalavik,  Pangiurtung, 
and  Ttditoyaktult. 

EXAMPLES  or  SirSTEMS 

Six  examples  of  watar  works  and  sewerage  systems  for  eom- 
munlUes  In  the  NWT  and  Yukon  Territories  are  discussed  below. 
Each  illustrates  a  unique  system  and  its  special  problems. 

1.  Forth  aiBilth.  WWT 

Fort  Smith,  on  the  Slave  River  at  60^  lat.  (Fig.  1) .  is  a  com- 
munity of  about  lOOO  persons.  The  water  and  sewage  systems 
are  examples  of  conventional  design  methods.   The  communtty 
la  situated  mostly  on  sacxl  covered  with  )ackpinc.  Antletpat- 
las  9rawtb  In  this  oommunity,  a  long-range  town  plan  was 
ptepand  to  pnvlda  for  a  pepulauon  of  about  6000. 


The  waterworks  recently  completed  at  Fort  Smith  includes 
an  intake  in  the  Slave  River:  a  supply  Una ,  a  water  treatment 
plant  with  coagulation  sadiiaantatlon,  duration  and  chiorina- 
tlow  a  water  distribution  system,  and  around  and  elevated 
Moraga. 

Although  d<«signed  and  built  according  to  standard  praetioat 
in  many  p.3rts  ot  Cunad.^.  this  system  had  a  few  ptobianis 
unique  to  the  North.   The  Intake  and  pumphouse  were  con- 
structed on  rock  a  few  feet  from  the  shore  and  close  to  some 
rapids  in  the  Slave  River.  A  aarloua  pioUan  with  fraul  Ice 
on  the  inlet  screens  was  sntlolpatad.  Tha  Intako  alructura 
was  designed  to  allow  water  lo  be  drawn  ftoei  near  the  water 
.  suffaee  In  the  stinmer  to  obtain  water  of  nlnlnMun  turbidity 
and  freoi  near  tha  bottom  in  the  winter  to  mlntmlM  a  frasU  ice 
prablan.  Inlet  seraens  ara  designed  so  they  ean  be  removed 
ton  laaide  the  atnietura.  Also,  healing  fbellitiet  are  pro- 
vided in  the  Intake  structure  ae  water  in  the  intake  vwU  ean 
be  heated  and  hot  water  ean  be  ptasped  into  the  inlets.  Both 
praeanUona  were  taken  to  ameld  feasU  ioe  pdrttaas.  After 
two  yeers  of  operatloa,  no  dlfllcalty  with  fiiatll  loe  hat  beon 
awjmiei><ied» 

Another  praUem  was  building  a  supply  Una  fnim  iba  Intake 
struottve  up  en  uasteUe  hillside  to  the  water  treatawnt  plant. 
Ekpeilenee  Indleatsd  thai  the  hlU  would  oonttnue  to  elide  a 
litUe  eeoh  year«  making  a  burled  pipeline  imprsetloal.  Con* 
sequently,  e  pipeline  wae  deeigned  uaino  6  m.  cast  inn, 
flexlble*}elnt  pipe  with  Styiotoam  insulation  and  several 
enpension  Joints  et  dlfterant  loeattona  on  tha  hUU  Ihe  pipe 
batwem  expenslon  Jolnta  la  held  tegethar  by  eatalea,  and 
aupports  at  eeeh  Joint  allow  longitudinal  movement.  Moat  of 
the  movement  in  the  hill  occurs  In  the  eprlnp,  and  adjust- 
ments must  be  nude  peilocBeally. 

The  water  distribution  systsm  is  laid  with  a  minimum  oovar 
of  11  fir  aMparienee  with  the  system  has  been  very  saitsfacloty. 
The  watar  distribution  system  is  built  of  aabeana  easMni  pipe 
and  eadi  seivloe  is  provided  with  e  oopper  win  fkom  the 
corporation  stop  at  the  main  to  tha  curb  stop,  so  It  oan  be 
eteetdoally  thawed  if  naoasaaty.  Ihaie  is  alao  pravlaton 
in  lh«  dlalributlon  ayatem  far  haetlno  and  clrculatton  thmugb 
tiie  major  loops  of  tha  system. 

IhlB  sewerage  system  la  conventional  In  design.  Asbestos 
cement  pipe  waa  used  to  reduce  grades.  The  mlnlnum  cover 
for  the  sewage  system  was  9  ft,  and  operations  an  sattsiae- 
toiy.  Bswage  is  trseted  in  Ihe  lagoon  then  diseharged  into  the 
Slave  Mver,  which  pievldes  ample  dilutton.  Although  no 
treatment  oould  have  been  ergued ,  the  cost  of  this  sewage 
lagoon  was  low. 

Ihe  coat  of  pnvldlao  the  equivalent  awvloe  in  Ihe  ftet 
auuth  ana  should  be  about  35%  sMra  than  in  Canatyan  prattle 
provlnoas. 

?.   Yellowknife,  WT 

Yellowknife  is  a  mining  town  of  about  4000  persons.  A  modern 
water  and  sewerage  aystom  oonslractod  in  1947  and  1940 

serves  2700, 

Yellowknife  has  an  excellent  water  supply  from  the  Great 
Slave  take,  and  no  treatment  other  than  chlorlnation  is 
raqutred.  Water  is  pumped  from  the  lake,  heated,  and  then 
pumped  to  the  distribution  system  through  a  supply  line. 
Because  problems  wore  experienced  with  the  supply  line,  part 
of  It  was  laid  on  the  surface  and  covered  with  moss  for  Insu- 
lation.  This  is  a  satisfactory  and  economical  method  when 
pipelines  are  run  through  uninhabited  areas  and  there  is 
always  a  flow  in  the  pipe. 

Water  is  distributed  in  a  two  pipe  system  having  a  supply 
and  a  return  Una.  Water  is  kept  flowing  continuously,  and 
returns  to  the  pumphouse  at  the  lake.  Waterlines  are  at  a 
depth  of  about  S  ft.  The  sewer  system  is  bu..t  mostly  of 
corrugated  matel  pipe.  It  Is  mlattvely  shallow  and  is  k<9pt 
from  fre axing  by  being  located  close  to  the  weterllne  and  by 
bleeding. 

Sewage  is  collected  and  pumped  to  A  small  lake  used  for 
storing  sewage.  Overflow  from  this  lake  goes  into  Gnat  Slave 
lake,  and  health  authortUas  are  concerned  that  this  overflow 
mey  signlfieantly  contaminate  tha  lake  watar.  This  operation 

417 


Copyrighteu  I  i  luiLiI  lal 


Is  belrg  studied  to  Jetonrane  the  .Tit^tjnit j'3e  of  this  problem. 

Buildlrvj  unit  costs  o(  the  water  and  sewerage  system  at 
Yellowkmfe  were  considerably  higher  than  at  Fort  Smith,  only 
ISO  miles  to  the  '.outh.   There  does  not  appear  to  b<^  .iny 
pcrmairost  in  YfJ.OAkniti!.  although  a  conslderabi'-  .imo-i.t  of 
What  appeared  to  be  pematrott  was  in  the  area  when  the 
•ysMM  wat  bttUt.  Ibli  added  srmtJy  to  ooMtraeUon  eost> 

3.  Ham,  mm 

Rm  Is  a  sattlamant  m  thna  low  lying  rack  euterops  on  tfaa 
•attariy  ahora  of  Marian  Laka  (Fla.  U  wImm  about  930  par' 
■ont.  99%  Indiana,  Ilva.  In  aaamar.  nonadle  Indian  taailllas 
add  400  or  500  to  tha  population. 

Prior  to  construction  of  tha  now  (aciiitie«.  sanitary  oondl- 
tiont  at  Rae  were  deplorable.  Tha  spring  runoff  oairlad  wraste, 
gorbaga,  and  sewage  from  tha  sattlamant  Into  Marian  Lake 
wbeia  residents  obtained  their  water,  often  not  avan  troubling 
to  take  It  from  the  center.  Severe  dysentery  outbraaks  re- 
sulted In  some  deaths.  Along  with  the  design  and  construction 
of  low-cost  facilities,  therefore,  a  public  health  prograsilO 
train  leaders  from  within  the  community  was  initiated. 

Besi  ;rF  (>:iri^  the  only  source  of  water  and  being  contami- 
nated, M.in.iri  L.ike  Is  shallow  near  the  s«tt!<>m«-nt  and  freezes 
to  the  bottox  by  Vnrch  each  ycir. 

To  use  this  Wiitor  source,  'i  reserv'oii  o'  J.     .-riihoii  j.ill.Tns 
was  built  iri  the  lake  ridjiirent  to  t.'n'  ?.->ttl-n'.riit .    '.V.i;.'r  Itriri 
the  lake  is  c,ir:ji'il  sr.to  ihi'  ic  .civoii  by  an  jnliltration  gallery. 
B.-'.  r.'Cir  ii.  f  'h  .    ,i.l.::]u.i(.-  to  inovitlc  Sufficient  WlntOf  StOfagO 
of  w.r.ei  I'jr  the  juttiomont  uii'i.TTi'Mth  t,hc  lc<?. 

Wfi'.iT  IV  t  iiniF<.vd  from  the  T'-'  ■•rjnir  to  a  small  treatment 
plant  ctir.tair.ecl  in  a  metal-clnJ  hjihjing  28  ft  by  24  ft.  Water 
Is  filtered  through  a  rapid  scind  filter,  chlorinated,  and  stored 
in  a  5600  gal  tank.    The  plant  rating  Is  25  U.S.  gal  'min. 

Treated  water  is  transported  from  the  plant  to  most  con- 
sumers by  water  truck     Close  to  the  treatment  plant,  how<^ver. 
an  80-l»d  hospital,  is  Tiore  economically  ser-'ed  by  utiUlor. 
This  utilidor  is  a  sln-.pl-,  wooden.  Insulated  tjoy  th.ii  caaie* 
water  and  pip'--.  for  thi-  hospital.    W.un  ..i;r,  themiO- 

statlcally  contioU>>d,  can  be  blown  through  the  utiltdor. 

The  1  000  9<tl  water  truck  Is  equipped  With  flfO  pimp  and 
ho?;i>  and  thus  p<»rtormr.  .5  rfu.il  function. 

Larger  house?  .^rc  eq  .^i^'iiOii  with  7UU  .nr  3ULi  t;ul  w5te: 
Storage  tanks  and  pressure  systems,  bi^t  .^nailer  ones  have 
only  small  40  gal  tanks  w;;h  spi.-joti;. 

No  area  near  the  settlemerr  was  suitable  for  buililnr; 
sewage  lagoon.    It  was  j.il,  ied  to  provide  a  primary  ti.jatment 
plant  to  discharge  a  chlonr.itf  I  e;f.i.enl  into  a  slough,  T>ie 
package  unit  If.  de.signeil  fni  ii  ij  !  i.ty  ot  dome:. tic-  u-wage. 

It  provides  for  con-nirMition  o;  the  ^ewvje  solids,  cnnt I n.jO'JS 
ae-r.tlio:,  of  Ifit..  .i[:t:v.-ited  slu;lg«^  .'iew.-ir^-t:  rntxturt'  In  tfie  .it.rriitlon 
comprirtment ,  and  contitniou-.i  clorlfir.^tlnn  o|  the  oet.jtfr;  sew- 
age in  the  'jettling  compartment.    Settled  .Dctiv.]t.?d  si  jdye  in 
the  ,'iet!llr<g  comp.irtnent  i-^  :<'tuini'd  to  the  .3fr.5tit:>ri  com- 
portment by  jirl'.ft  punp. 

.Sewage  from  !hi'  hcjspltoi  is  c.3rrl<vi  by  utillrior  ;o  the  treat- 
ment plant.    Si'wiye  from  other  consumers  is  carneii  by  a  lUUL' 
rtiil  ucw.iQe  f  irk  truck  to  the  plant.    There  are.  however,  prob- 
len-s  yet  to  tv  resolved  in  sewage  collection  from  houses. 
The  better  houses,  those  with  water  tanks  and  pressure  sys- 
tems   jre  equipped  with  200  or  300  gal  sewage  tanks.  The 
tank  truck  has  rvo  problem  handling  thfse,    Other  house:;  me 
equipped  merely  with  chemical  toilets  -ir.d  pU-jtir  fug  inserts. 
H. milling  the  plastic  bags  presents  some  problems  in  disposal 
at  the  treatment  plant. 

The  contract  price  for  water  supply  .ir.rl  nt-wage  rlisposol 
facilities.  Including  two  trucks  and  .i  he,_i!.-  i  yaraye  for  them, 

was  SI 65,  789.  Monthly  operating  cost  of  the  systems  is  esti- 
mated at  $2000.  Wagas  for  track  drlvors  aio  tha  major  part 

of  this  cost. 

Payment  for  services  must  be  simple  because  no  clerical  or 
accounting  help  Is  available.   A  water  delivery  and  sewage 
pickup  schedule  Is  arranged  and  consumers  pay  according  to 
the  type  of  building  they  occupy.   For  example,  the  small 
Indian  hou.^e  equipped  with  a  chemical  toilet  and  40  gal  water 
lank  is  charged  about  SIS  par  month.  On  the  other  hand<  tha 
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3  h.eJroom  house  with,  full  plumbirnj  i;;  eh.irged  S45  p«r  moiMh* 
Similarly  sr.iU-.l  .-iii-  the  r.iie!i  tor  hospitn:-:,  olUcv;.  etc. 
These  ch.iryeo  •■ov<t  bCX  r^^  the  iot.jl  .■-est  o!  owning  and 
operating,  which  is  Siuou  per  month.   The  balance  Is  supplied 
by  the  Federal-Territorial  subsidy. 

The  system  provided  for  Rao  Is  rather  typical  for  other 
settlements  of  this  sire.    Roo  Is  perhaps  unique,  however,  in 
using  several  systems— artificial  reservoir,  low  cost  utiUdor, 
etc. 

Despite  efforts  to  keep  costs  down,  the  consumer  with  even 
tha  most  alamentary  aeiwlees  mutt  pay  $15  par  month. 

Iinivlk  la  Juat  nofOi  or  iba  Jtoetle  Cirela  on  tha  East  Channal  of 
tha  Mackaimla  Rlvar  (Fig.  I) .  Its  onntlTwirms  parmatest  was  a 
aiajor  factor  In  the  dewalopment  of  the  towsstta.  Tha  Ba*t 
Chaiwal  of  tha  Mackanala  ittvar  auppllaa  watar  daring  tiaos 
«irtaan  it  raqulraa  no  tfaalmiant  elhar  than  ehletinatlen.  During 
this  period  watar  ia  pumpod  thjough  tha  dlatrlliutlon  system  to 
a  laka  located  at  a  high  peim  en  the  othar  slda  of  tha  com- 
munity. Ihls  laka  can  piavlda  a  supply  to  tha  eoamnHilty  divliig 
pailods  when  tha  quality  of  tha  Maokanxla  Rlvar  water  la  not 
satisfactoiy  for  usa.  Mae.  tha  laka  In  Itsalf  has  a  supply 
from  tha  snwU  dtalnaga  ana  which  pitwfdas  part  of  dm  wotsr 
required,  lha  laka  watar  la  ef  good  quality  amapl  that  it 
contains  ralatlvaly  largo  suspandad  parttetdata  matiar  which 
is  atiaetlvaly  rasievad  by  uaiiip  a  aticrosttalnar. 

Oiatrlbutlen  pipaa  for  the  watar  systsm  aro  oontalnad  In  • 
utllldor  whldi  alao  eontalns  hot  watar  far  tha  eanlral  haating 
system  and  the  sswsga  coUaetlaa  ptpaa.  Watar  and  aawar 
pipes  ara  asbestos  oemsnt*  flawaga  Is  ooiuluctad  boai  tho 
townslte  by  a  gravity  sowar  outfall  about  4000  ft  long  to  a 
lagoon  area.  Ibe  outfall  asarar  is  Insulated  with  ftyietoam 
and  there  it  provision  lor  haating.  iMpaiianca  over  the  peat 
tew  years  of  operauen  Indleatas,  however,  that  Inauiatlen  Is 
normally  aufflelant  to  prevent  lleeslng.  and  heating  la  seMom 
needed. 

A  ereaa  aeetlen  ef  the  type  of  utllldor  used  at  Inuvik  ta 
ahown  In  Pig.  4.  Than  was  about  IS.OOO  ft  ot  utllldor  con- 
atiuetad  at «  unit  oost  of  about  $224  per  ft.  VtUMaHas  that 

oonnact  uUUdors  wUb  bulldliios  oost  about  $134  par  (t  and 
about  SSOO  ft  were  built. 

The  sewage  lagoon  was  built  by  damming  the  ends  Of  a 
slight  draw  and  placing  a  very  small  barm  along  one  aide. 
Some  vegetaUon  was  stripped  off  tha  bottom  of  the  lagoon  to 
provide  a  greater  depth  Iqr  thawing  tha  parmatoat.  Ibo  pw- 
pose  of  the  lagoon  was  essentially  to  store  aawaga.  fbr  die- 
charge  Into  the  East  Channel  under  oontrollsd  oondltlons  (at 
times  of  the  year  when  there  was  no  danger  Of  oDOtamiMtlng 
the  water  supply) .  The  degree  of  treatment  In  tha  lagoon  la 
not  too  important.   Under  certain  conditions  In  the  winter  the 
flow  In  the  Cast  Channel  has  reversed.  The  disdiaige  at  this 
time  of  any  sewage  into  the  river  downsueam  from  the  townsito 
might  have  resulted  in  contamliMting  the  watar  system  if  lake 
storage  had  not  been  provided.  Some  difficulty  has  been 
experienced  with  the  collection  of  solids  at  tha  inlet  tO  thO 
lagoon.    However,  this  could  possibly  be  roSMdiad  by 
providir^  floating  movable  inlets  or  providing  groatar  daplh 
in  the  lagoon,  or  both. 

J.    Hay  River.  NV.'T 

Located  al  the  rr.outh  of  the  Hay  River  on  the  south  side  of 
Great  Sl.ive  Luke,  with  about  1000  persons,  this  community, 
one  of  the  birqe..;  .r.  the  NWT,  Is  not  served  by  modern  water 
and  sewer.itje  ■. y:\nms.    The  community  1b  on  .1  deltaic  isl.imi 
of  slit  and  ■uirjil.  underlain  mostly  by  per.n.itro.it.    The  island 
Is  subject  to  flooding.    After  a  severe  flood  in  the  spring  of 
1963,  a  new  residential  subdivision  was  cre.Tiet:  on  the  main- 
land south  of  the  town  above  floo'f  level,  where  tests  revoal 
only  sporadic  permafrost.    The  soil  conditions  with  frost- 
heaving  and  permafrost  present  some  very  difficult  design 
problems. 

At  present,  water  supply  for  the  community  is  obtained  from 
very  shallow  wells  which  produce  water  with  considerable  irorv 
This  Iron  is  ramovad  and  tha  watar  is  dallvarad  by  trudt.  How 
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•var,  dm  waMr  ciipply  It  liwuffielMt  for  ■  nodMn  •yMm. 
Hm  two  clMnwt*  tmifeat  m  th*  Kay  Rlvtr  or  Gmt  Stavo 
laiM.  WMtr  In  Hay  Mvw  li  highly  oelorad  and  would  Mtpili* 
coipliala  tMataaitts  but  watar  takan  tnm  vattoua  diatatioat  in 
Gfaat  Slav*  taka  Indicata  that  four  nilaa  ton  ahoi*  satla' 
faeiacy  watar  ean  ba  Ahtaiaatf  that  raquliaa  only  (dilannBtien. 
Furthar  taata  oiay  subttaotiata  thla. 

Iba  najor  pmblam  at  Hay  Rlvar  la  to  build  and  oparata  a 
watar  dlsMbutttm  aystew  and  a  aowapa  oolloctUm  ayateu  on 
Taata  on  froat  and  ponnalroat  itaw  Aat  a  con- 
rMan  bnrtad  bolow  tha  finat  la  not  faaaltal*.  A 
walar  dlatrtliutlOB  tfUttm  can  ba  built  and  operated  wlttwut  too 
nueh  dlHIcttlty.  It  would  probaUy  ba  burlad  about  4  ft  balow 
tha  aurfaoa  wttt  boating  and  raetroulatlon  In  all  Unaa  and 
waiarpfoof  Inaulation  around  Iba  pipa.  Alao  bacauaa  of  tha 
aoll  oamdraona  and  tha  axpaelad  toat^baaving.  it  would  ba 
naeaaaary  to  cenalniet  thaaa  llnaa  of  natartala  with  ralatlvaly 
tlaixlbla  Jolnta,  ao  that  cenaldambla  mvaoiant  in  tha  plpaa 
eouM  ba  tolaratad  without  daoiaga. 

lb*  aawaraga  ayatan  would  ba  a  paoblaai  bacauaa  l»at- 
baavlnp  would  naka  a  system  of  tha  gravity  typa  vaiy  difficult 
to  eonatruet*  Hewavar,  othar  syataais  hava  bean  considarad. 
Ona  la  a  praaaura  ayatam  with  awaiy  service ,  having  a  sepUe 
tank  fmn  which  the  effluent  would  be  pumped  into  the  pressure 
Unas,  and  tiien  to  a  lagoon.  This  system  could  be  kept  from 
freezing  either  t>y  recirculation  and  heating  or  by  bleeding. 
Analyses  indicate  that  the  system  with  bleeding  would  be  more 
aoonomlcal.  At  present  such  a  system  has  been  studied,  but 
nana  baa  baan  built  In  Cana<la.  With  tha  very  difficult  sou 
fiondltlena  in  May  Rlvar.  this  system  would  appear  to  be  the 
awat  pcacttoal* 

furthar  study  may  Indleata  that  tha  gravity  tystam  ean  be 
built  if  sufficient  foundation  matarlal  is  placad  under  tha  pipe. 
It  might  also  be  necessary  to  insulate  the  aawar  pipe  to 
prove  nt  freesing. 

When  considering  whether  to  build  a  water  distribution 
system  which  bleeds  to  prevent  freezing  or  uses  circulation 
«nth  no  bleeding,  consideration  must  be  given  to  the  problem 
of  the  sewage.    Bleeding  of  the  water  system  obvloualy  will 
help  keep  the  sewerage  system  from  freezing. 

It  Is  questionable  that  the  Health  Department  at  Hay  River 
would  approve  placing  waterltnes  and  sewerllnes  In  the  same 
ditch.    Howi-vcr ,  H  ,3  riH:iri:ul.iilri9  water  system  can  be 
placed  close-  10  ihc  scwcr.igi'  pipes,  heat  from  the  water 
system  will  keep  scwncjo  from  freaalng,  and  vaty  llttla 
bleeding  would  be  necessary. 


6.    D.iwr.on  City.  Y-T. 

U.3v/5r)r,  City  is  about  400  miies  northwest  of  Whltettorsa  at 
about  t4  N  and  during  the  Gold  Rush  of  1898  the  population 
reached  $0,000  persons.    The  winter  population  is  now  about 
SOO.   Water  and  sewerage  systems  are  60  years  old.  Con- 
structed essentially  of  wood  stave  pipe,  tha  watar  sysMB  Is 
generally  4  ft  deep,  although  In  soma  placaa  It  la  aa  ahnllOW 
as  6  in.  Dawson  City  is  in  a  permafrost  araa.  and  toam 
ground  surrounds  ail  pipes  in  wlntar.  FtFaazlng  la  pravamtod 
by  heating  the  water  and  bleeding. 

There  are  about  130  year-round  consumers- and  about  40 
more  In  the  summer.  The  community  Is  sparsely  popuiatadf 
having  about  One  customer  to  every  four  lots. 

Most  heating  Is  provided  by  electricity  produced  from  a 
hydroplant  with  surplus  power,  so  that  the  increment  cost  of 
hooting  and  pumping  Is  not  high.  However,  within  the  next 
?  or  3  years,  the  hydroplant  may  be  replaced  by  a  diesel  plant. 
This  would  incraaaa  tha  hasting  and  pumping  costs.  It  has 
baan  astimatad  that  the  eoat  of  haating  the  present  facilities 
by  oonvantional  means,  such  as  coal,  would  ba  about  $90,000 
to  $100,000  a  year.  This  is  an  amrbitant  coat  for  about  130 
wlntar  euatoaiara  and  means  of  cutting  thla  haating  ooat  bavo 
baan  invaatlgalad.  Iba  aolutloa  nay  bo  to  tnaulata  aoma  of 
tha  plpaa. 


CONCLUSIONS 

The  effectiveness  of  any  solution  to  the  problem  of  sewer  and 
water  facilities  is  likely  to  t>e  Judged  on  its  cost  in  relation  to 
the  number  of  people  served.   It  Is  seldom  possible  to  achieve 
the  Ideal  convenience  and  comfort  on  the  boala  of  laaat  eoat 

and  some  compromise  must  be  accepted. 

Good  town  plannirtg  in  ihi-  Korlh  needs  to  avoid  lor>g  utility 
runs.    Concentrotior.  o!  buildings  is  difficult  to  achieve  be- 
cause of  the  sl(.nv  rritc  of  yiowih  ol  most  northern  communities. 
The  northcrr.cr' 5  individuality  npcr.3tes  against  concentration 
of  buildings.    S'jch  rnncontration  seems  easiest  to  aChlOVO  In 
mlnirn!  sr.d  other  single  enterprise  communities. 

-Vrtny  techr.ic^il  questions  of  northern  water  s  .(  ply  at»d 
sewage  di.spC'i.il  sy^tfiirif.  le-qulre  ri  prorjr^Ti  of  pract.cal 
re.i>Mrch.    De.iigr.er.s  -itf  undorj.t.nnd.ibly  relucttint  to  irtcor- 
potate  unirji'd  idf.ir;  .nto  .syMicms  tiecause  of  the  severe 
conscquent-c-;  o'.  i.iiiuf.;  on  ,-«  whole  ooiMiHinity.  Tb«y  praiar 
to  spend  more  mottey  to  bo  sate. 
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WATER  SUPPLY  AND  DRAINAGE  IN  ALASKA 


WMIRBN  GSOMGS,  Alaska  Corps  of  Ciwtmars.  U.S.  Amy 


In  recent  years,  water  suppiy  and  drainage  considerations  have 
received  Increased  attention  by  all  agencies  of  the  Federal  and 
State  Governments  and  citizens'  groups  interested  in  water 
conservation  control.   It  Is  becoming  more  apparent  each  year 
that  what  was  once  atsumed  to  be  a  resource  of  inexhaustible 
supply  in  areas  Of  ample  precipitation  and  an  abundanco  of 
flowing  streams  and  clear  lakes  has  bocooM.  boeauio  of 
unreoulated  industrial  use  and  develepmat  sad  largo  Ineraaaas 
in  population,  a  matter  for  real  concom. 

Robert  E.  Jones.  Chalnnan  of  the  Natml  Resourees  and 
Power  Subcomaitttoo.  raoontty  stated! 

Tha  Natural  Rasoureas  and  towar  Subeomitttaa  of  tba 
Housa  Conialttaa  oa  (Sovamnan*  Opantlens  Is  tnltUtiw  a 
seilas  of  wlde-ranQa  haailiigs  cenoamlna  iba  nation's  prab* 
lams  of  watar  pollution  eonuol  In  ordar  to  datannlna  liow 
afisetlvaly  tha  Padanl  Gtovemnent  aganclaa  an  oeplng 
with  watar  pollution  proUoms.  and  wiiat  can  lia  dona  to 
lapreva  our  tadmtquas  for  pravamtng  and  oontnUlng  tha 
avar^laaaailaa  pollution  of  eiv  oountry*s  livara  and  odwr 
water,  this  Comalttaa  strassas  lha  naad  le  eonsaiva  and 
develop  adequate  weter  supplies  of  ^Uty  and  urges 
control  of  pollution  now  aontaailnatlna  these  resowees. 

Area;  with  adeqt^aie  prfjcipltallon  are  r.o-.v  rror.fror.tfjd  w:th 
the  sarr.o  problems  .is  '.hn  ,ind  ,u(»flR:    Thi>  :'ii"r'd  to  hu^bond 
this  vi;.il  ri-so-rc-i-.    All  .•ii;c:tLOrUi  of  tho  t:OL:rtry  r/5w  have  .3 
comnvon  inletesl  in  planrar>g  tho  dnvi-lopmont  of  each  new 
project  for  maximum  use.   As  a  result,  water  use  has  assumed 
major  jmpor.jnce  in  all  planmo^  efforts.    The  solution  of  each 
situation  requires  careful,  conprohcr.sivo  arwalysls,  and  this 
planning  demands  the  best  efrorts  of  those  responsible. 

The  wide  range  of  disciplires.  represented  m  these  Fnceed- 
ings  can  be  a  step  toward  the  required  controls. 

Alaska  faces  a  happier  situation  than  most  states,  even 
though  climatic  influences  do  present  special  problems.   It  is 
about  one- fifth  .^s  torgc  as,  and  stretches  over  distances 
equal  to.  the  width  and  depth  of  the  former  4R  states  (riQ.  1). 
Maps,  Issued  by  railroads  and  even  the  U.  S.  Government, 
depict  Alaska  in  the  lower  left-hand  comer  of  a  map  in  a  nls* 
leading  reduced  scalt?.   In  fact,  Alaska  is  larger  than  the 
States  of  Texas,  California,  Oregon,  and  Washington  com- 
bined; or  to  make  another  comparison,  fsurteen  times  the  size 
of  Indiana,   tt  has  a  variable  climate,  not  unlike  tha  Scandi- 
navian countries  Including  UenT>ar>: .  .3nd  3n  ana  Of  596,000 
sq  miles  conuaated  with  294,000  for  its  European  oounterpart 
(Fig.  1) .  It  lies  genarelly  within  about  the  sane  northam 
latitudes.  In  water  resources,  nlneials,  forest,  fish,  and 
potential  arable  lands  and  hydropower<  It  conpaies  neat 
favorably.  As  the  Gulf  Stream  tempers  this  Sur^ean  complex, 
so  dees  the  Jepenese  current  affect  much  of  Alaska's  coastal 
and  contiguous  regloas.  Its  population,  now  a  scant  quarter 
mmien,  eannet  fUl  to  grew  eventually  to  the  else  of  the 
'Seendlnavlan  oomplax  of  over  IS, 000, 000  and  match  Its 
economic  development— one  of  the  best  in  4ie  world. 

Future  growth  makes  planning  far  the  development  of 
Alaska.  Including  die  care  and  piotectlan  of  its  weter 
resources,  an  exceptional  opportunity.  We  should  be  eUe 
10  do  this  wisely  fkom  experience  gelned  in  the  Industrialised 
and  populous  regions  of  the  United  ftates. 

An  outline  map  of  Alaska  (Fig.  2)  Shows  most  of  tha  water 
points  engineerad  by  the  U.S.  Araiy  Bnglnser  District.  Alaska. 
In  Its  work  on  building  faellltles  for  the  many  military  posts, 
camps,  stations,  and  bases.  These  features  are  very  lispor- 
tant  In  aiv  such  planning,  aisi  oonsiderable  thought  has  been 
given  to  establishing  the  best  approach.  The  map  also  shows, 
in  general  outline,  the  southern  limit  of  permafrost. 

Water  supply  in  the  earlier  days  cane  from— and  even  now 
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STATE  OF  ALASKA  AND  ORIQINAL  48  STATES 
AT   THE  SAME  SCALE 


STATE.  OF  ALASKA  AND  NORWAY,  SWEDEN  AND  DENMARK 
AT  THE  SAME  SCALE  AND   LATITUDE  POSITION 


Fig.  1.  Geographical  comparisons 


comes  from— rivers,  streams,  and  lakes  In  the  open  periods  of 
spring,  summer,  fall,  and  in  winter  when  water  can  still  be 
drawn  from  under  the  ice  mantle.  The  ice  mantle  can  range 
fkom  a  isw  inches  to  e  maximum  of  about  66  in. ,  depending 
on  tenpetaturs  severtty.  In  the  far  North,  shallow  lakes  and 
rivers  (used  lor  supply  in  sunned  Ikeese  solid  in  wintsr,  but 
neMlng  snow  and  ice  supply  the  «nnter  needs  in  aiest  eases. 

Because  of  sperse  population,  disposal  of  waste  was  not 
than  the  proUen  generated  today  because  of  subsequent 
growth  of  aomsuiiiltles. 

serious  proUesu  did  arise  In  nptd-growth  areas-  As  an 
axasiple.  In  contrast  to  the  present  rather  compete  and  nwdem 
water  Intake  treetment  and  distribution  systsn  for  tha  elty  of 
Anchonge,  it  wes  (and  still  id  oonnon  praeuee  In  sone  out* 
lying  fringe  districts  for  residents  to  sink  shellow  water  wells 
30 10  40  ft  into  the  gravel  mantle  generally  found  abova  allt 
and  clay  daposlts  in  this  area.  In  a  few  caeea.  waste  dle- 
poeal  was  possible  via  Oook  Inlet  or  cneks  esiptylng  imo 
the  Inlet;  but  Oiese  exceptions  were  a  snaU  pott  of  tiae  total. 
Tharaftwa,  on  these  same  ncmal  else  building  sites,  a  septte 
tank-type  disposal  and  gravel  bed  drainage  teeiilty  for  watar 
borne  waste  were  also  a  eomsion  expedient.  Haalth  auOHMtlas 
soon  reaUaed  that  a  etltlcal  sltuauon  existed. 
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There  were  several  reasons  for  these  shallow  wells.  First, 
they  were  easily  and  cheaply  constructed,  and  people  had  a 
false  sense  of  security  and  lack  of  appreciation  of  the  effec- 
tiveness of  the  limited  gravel  filtration.    Secondly,  krvowledge 
o;  'jrounJ  ■A  at<n  supply  /ii  grciti-r  depth  had  not  been  developed 
Anchoragr  is  3  young  town,  slortcd  as  a  railroad  construction 
camt:  in  191S.    Grountl  watur  geology  exploration  of  the  ares 
was  rot  undertaken  to  any  extent  until  after  World  War  II. 
whero  buildup  ot  baiM  and  elvlllan  eonnuiUtMs  Maa«n4 

some  work. 

During  World  War  11,  w,3tcr  was  proviricd  for  thr  idjocent 
large  m-iiitary  csnp  of  Fort  Richardson  by  pipma  i!  'rcm  a  log 
dam  and  intake  f,tru'.;tu:'j  on  Ship  Creok  above  ".he  Fort  and 
city.   This  cnifrk  ;n  genotiil  sep^r,-itf5  the  city  from  the  reser- 
vation.   S:ncc"r  tho  Alaska  Railroad  he.idq jartf-rs  comnur.ity  33 
well  as  thr  c:ty  of  Anchorage  were,  t.iking  w.iter  from  the  lower 
reaches  of  '.his  stream .  .^n  ■sgrocmcnt  was  made  '.o  sdiire  tlie 
new  water  supply  point  with  these  gn^jps.    In  19'i7  th''  irt  ike 
was  improved  by  3  nod.^rn  d.3in  -ind  heaihvorks  structun". 
Because  of  the  rapid  buildup  of  pollution  In  Ihe  stream  as  the 
communty  grew,  th«  dty  and  tlM  railiead  vaiy  aoen  uMd  this 

new  intake . 

Writer  treatment  plants  (or  several  military  bases  ar.d 
Anchor.igr'  h.ivo  since  been  .idd-?d  to  their  respective  systems, 
anil  ;hi!  quriJity  o;  w.-itei  introducoc  into  the  mains  Is  excellMIt 
Runoit  source  js  from  sno'A'n'.'.t  ^nd  r.unfall  in  the  hlqher 
altitudes  of  the  protected  wotfrsh-'J. 

Prior  to  filtration  for  ctty  water  supply,  only  chlorination 
control  at  ir.take  ex.sted.    This  mportant  treatment  was 
carefully  watched  by  the  authorities,  israj  no  serious  health 
problem  occurred. 

About  1148  or  1949,  further  drilling  expioristion  on  ihfi 
mlUtar-/  resep,'a;ion  was  undertaken  to  investigate  gro  ithI 
w  itf-r  sources  lor  Fort  Richardson.    Several  deeper  anc  ir.oro 
pfot»ctf!d  water  bearing  aquifers  were  found  at  depths  of 
about  150,  230,  and  450  ft.    Upon  this  discovery,  outlying 
residents  not  yot  serviced  by  the  city's  distribution  system 
war*  ancoiirasad  10  go  to  daepar  walls.  Many  hava  dona  this. 


resulting  In  a  safer  health  situation.   However,  the  entire  area 
has  so  grown  in  population,  with  attendant  concentration  of 
septic-tank  seepage,  that  some  contamination  at  the  150  ft 
level  through  Interconnecting  gravel  lenses  Is  thojght  to  have 
occurred  (Pig.  3).    Much  further  work  Is  needed  to  establish 
aquifer  profiles  and  determine  their  potentials.   Wells  close 
to  the  shoreline  to  a  datum  below  mean  sea  level  o:  1  IS  ft 
have  encountered  saline  water;  however,  deeper  wells  farther 


ataaaw  naaim 


***  traAneuMK  mimm  aar  to  mau 

Fig.  3.  Well  developmant,  AnehoraiQa  aiM  (vattlcal  ceala. 

O.S  in.  =  1  (t) 
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tnlitnd  have  been        :<  n:.(uI  .vatcr  producr-rs- 

Wtiter  distribution  systems  lor  Fon  Rirh.urls -r.  irxi  r.;nnn- 
dorf  Air  Torcv  Base  ore  dosigncrj  ind  ir.si.5llr  ii  Icr  Jircct  burial 
flt  (1  9  fl  ninimum  depth.    Sooisonal  frost  is  deep  ;r.  Ihis  op<?n 
gravi'l  fornati  ir,;  penetration  to  depths  of  1  2  to  14  ft  wheiti 
srxvw  covrr  h  55  bf<->n  romoverf  is  rrot  uncommon.    Fig.  2  shows, 
however,  th->t  Tt  lo.jst  jII  lowliirn:;  .areas  here  are  free  from 
permnfrost.    Bypiiss  .irrarir|e.T,enl 5  .ire  used  in  fire  hydrants  to 
kect  <it;,iii- efid  .s',uii-';  from  fn'r-,i;n9.   Even  so.  t>l  times  in 
winter  the  intake  water  temperatures  at  the  dam  are  so  iup*t- 
cooled  that  water  heating  is  nece.^sary.    This  l.-i  done  wtth 
waste  heat  from  the  steam  powerplant  closed  condenser 
systems.    Thus  several  degrees  of  heat  can  be  dd46d  (O  tiM 
system  =(<i  required,  and  frenzoups  eliminated. 

MiUi.-.ry  t]<tses  collect  their  sowagc  through  ston  J.^rd 
direct- bun.il  collection  systems  and  Jlschorge  the  cftl  icnt 
through  outlnlls  into  tho  nearby  tidal  waters  of  CooV  Inlct. 

Anchorage  now  also  has  an  extensive,  but  not  yet  com- 
plete, collection  system.    City  ordittancea  provide  that  these 
services  must  be  tapped.   The  city  has  also  a  battery  of  seven 
or  more  main  sewers  connected  to  a  collector  aysteio  which, 
in  turn,  connects  to  the  main  outfall  carrying  tewage  out  over 
the  tidal  flat  Into  the  bay  below  mean  low  water.  Eventually 
this  effluent  will  need  treatment  before  disposal  into  tidal 
waters. 

Coastal  cities  of  tho  PanharKjle  (Southeastern  Alaska)  ar* 
located  in  an  area  of  above  average  precipitation.  The 
country  la  generally  roountainous  and  dissected  with  many 
baawtlful  beys  and  fjords  (Fig.  2) .   Its  relatively  mild  cllaate 
la  comparable  to  the  coastal  regions  Oi  Washington  and 
Oregon.  Water  supply  is,  therefore,  abuodant  from  the  many 
mountain  streams  and  lakes.  Ihese  aourcaa  are  tapped  at  a 
relatively  high  elevation  behind  the  towna  in  queatlon  and  tha 
turater  piped  into  distribution  systems  serving  the  oonmunlty. 
Usually  only  chlorinatlon  treatment  is  required,  as  the  water 
laffanarally  of  high  quality.   PermalTOst.  existing  here  only 
at  lUigh  alavauons,  is  therefore  not  an  Influence. 

aeww  systems  of  these  towns  now  generally  dump  their 
ofniiant  Into  the  many  fjords  and  bays  or  the  lower  rsachas  of 
watercourses.  Contamination  is  not  a  pfoUail  now.  but 
treatment  will  be  necessary  as  the  oomnunltlot  fliaw. 

In  the  large  arul  important  Tanana  Valley,  an  early  gold 
Jr>-  Iqing  operation  (Fairbanks  Exploration  Co.)  fourwl  water 
bearing  gravels  below  and  between  the  shallow  permafrost  In 
tbe  area.   This  knowledge  has  been  used  by  Fairbanks,  tha 
naarby  military  bases  of  Fort  Walnwright  (formerly  LaddAlr 
Tom  Base) ,  Elelson  Air  Force  Base .  and  tbe  Mr  Ibrca  Basa  of 
Clear  near  Nenana.  Water  for  tbase  Installations  is  pumped 
from  piepacked  as  well  as  natuisl  gievei  packed  wells  (Pig.  4) 
tlHOuoh  distribution  systems  le  vailoue  technical  facilities 
and  housing  units. 
Many  industrtel  wells  eonelructed  In  the  Tanana  and  YWkon 
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alluviums  penetrate  parmafiost  IKam  dw  faoilom  of  i 
flOBt  to  depths  of  booi  80  to  300  ft.  Tho  aquifer  gravels  are 
found  beneath  0ie  petmaiiost.  9uA  wells  will  beeae  In  the 
perma&Dst  sone  unless  oonttnuouslypiimped  or  unless  a 
oontlnuDus  return  of  1  to  2  gpm  of  «0^P  water  into  the  well  le 
provided. 

of  the  wells  are  alsed  for  full  fire  fighting  leaulro- 
Theee  wells  ere  equipped  wMh  preseure-eleotrleel 
responsive  eonttols  Installed  so  XbkH,  on  deawnd.  high 
eapaelty  auxiliary  pumps  supply  full  estergency  lequtoements. 
All  water  punwad  into  the  system  la  autosietleally  dtlettnated. 
Use  of  ground  lesatvoirs  made  the  expenee  el  elovatad  water 


TaUe  I.  Chemical  analysis  of  aeleotad  well  waters  (ppnl* 


Location 

Totaic 
SoUds 

Total  Iron'^ 
(Fe) 

Silica 
(S1O2) 

Sulfate 
(SO4) 

Chloride 

(CD 

T0t.1l 

Hardness 

Carbonate 
HaidiMSS 

Bethel  AFB 

7.4 

14S 

Trace 

Trace 

0 

95 

OS 

Clear  AFB 

7.6 

19S 

0.3 

12 

38 

s 

160 

127 

Eleljon  AFBe 

7.1 

170 

0.9 

18 

13 

2 

137 

126 

cimcrxiorf  ArB-Anchorage 

7.7 

160 

0.3 

10 

10 

Iteca 

136 

124 

Fort  Greely 

7.4 

166 

Trace 

12 

39 

3,9 

130 

lis 

Fort  Richardson 

7.7 

106 

0.2 

6 

11 

1 

US 

102 

Fort  Wainwright-Pairbanks 

7.2 

206 

2.0-6.0 

4 

IS 

2 

140 

lOS 

Fort  Yukon  AFB 

7.2 

l.O 

IS 

26 

Trace 

100 

144 

Galana  AFB* 

7.0 

3S0 

S. 0-8.0 

3S 

6 

4 

24S 

245 

Glenallen  ACS  Sta  RRS 

7.5 

292 

0.3 

Trace 

Trace 

4 

218 

216 

Tabular  entries  represent  an  average  range  for  deep  wells  nearby.   Data  from  Corps  of  Engineers,  Alaska 
^boTstoiy  sanqile.  Well  sasiple  with  carbon  dloidde  gas  still  entrained  la  generallr  close  to  neutral  or  slightly  add 
titrate  u  MOj:  Clear,  3.2i  Galena,  O.Sj  otfiecs  not  reported  or  zero 


Orgonic  Iron  as  Fn:  cie'vr.  0.  3;  cimendorf, trace;  Port Walnwtlght,  2.0s  Galena,  trace:  Olenalten,  tnee;  belanes,  none 
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towi-ts  .Mvi  othiir  storogo  roacrvoirs  unnecessary.    In  Investl- 
goUn^  and  buUdlncj  these  wells,  aside  from  the  uaaal  tech- 
niques of  surging  and  developmen-  cf  'ho  riotural  gravel  pack, 
drawdown  tests  were  made  and  checked  by  pilot  wells  to  fully 
establish  nipply  MpAfatUty.  Hw  KyMm  hu  wotkad  v«y 

well. 

Water-bean r/g  gravels  in  this  particular  area  contrtiii  con- 
siderable .-narigarie.'ie  and  irori  deposits  (Table  0  .  In  which  the 
microbe,  chenothrix,  thrivo.i.    Suoh  w^tct.  i(  not  tro.stocl,  will 
cause  dl.T.colonnq  to  porc'ilain  ar;d  t>c  corrosive  to  iron  pipes. 
The  iifdnity  o)  thi-  microbe  lor  th:s  chcnlcal  environment  Is 
very  groat  and  not  a  fully  understood  rhenomenon.  Measures 
to  ollmlnate  the  Iron  and  manganese  -ire  n c: -l' isary  to  avoid 
damaging  walls  of  the  pipes  arvd  destroying  the.Ti  by  clogging 
deposits  of  iron  oxide. 

Domestic  water  13  treated  to  remove  most  of  the  iron  and 
man^ar^ese,  and  much  of  the  resulting  damage  and  nuisance 
have  been  eliminated.    The  treatment  used  was  determined 
from  the  following  con.iider.'^tion.s:   Required  domestic  use  that 
ranged  from  3300  to  3900  gpm,  t.he  type  of  hardness,  and  the 
large  quantity  of  iron  and  mang.ini?s<!.  which  in  this  case 
could  be  removed  by  aeration- floccutation  and  settling.  Th«se 
conditions  indicated  a  conventional  cold  lime  softening.  The 
water  is  passed  through  !i  mechanical  aeration  chamber, 
through  a  reaction  chamber  where  lime  and  alum  arc  added, 
then  Into  a  flocculation  chamber  and  settlement  basin.   It  is 
r*carbonat«d  to  stabilise  the  calcium  carbonate  content  with 
lb*  carbonate  unit  used  to  heat  hot  water  fot  the  lline  slakes: 
tiMU  fllterad  through  rapid  sand  filters,  and  chlorinated. 

To  prevent  freezing  of  water  eupply  and  sewage  and  to 
simplify  maintenance  problems,  considerable  study  and  evalu- 
ation were  made  of  different  possibilities  for  building  distri- 
bution systems  for  utility  lines  in  these  heavy  seasonal  frost 
and  peiiMftost  areas.  The  result  was  the  development  of  a 
bOKllke  conduit,  generally  of  concrete  construction,  known 
locally  as  a  utlUdor  (rig.  5) .  These  utllidors  carry  water, 
aaerars,  steam  mains  and  condensate  returns,  and  sometlaMa 
other  utilities  to  and  from  the  various  plaittt  and  building 
structures  that  they  serve-  Sufficient  bMt  !•  transmitted  to 
tba  box  from  the  Insulated  ataam  lines  to  control  fraesing. 
Uma  conduits  are  aomatlmas  made  of  treated  vraod  Or 
eORugated  pipe.  They  are  generally  burled  (provided  with 
lanavable  covers)  Just  under  the  ground  surfaces  for  easy 
aoeeH  and  nalntanance.  They  vaiy  In  dae  Crom  walk*  and 
oiiiirl-tlHwigh  to  a  alsa  fuat  lam*  wmigb  to  envelop  the 
eontatnad  uttUtlaa.  Thay  an  aeaMUiMa  plaoad  afaova  ground. 
Muefh  anglnaaitnQ  thenglit  goaa  Into  thair  daaign  to  e«i«  far 
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such  features  as  lift  stations  for  sewage,  expansion  sleeves, 
anchors,  reduction,  and  other  valvinq  for  the  steam  lines, 
pumps  for  condensate  return,  support  arranganantt  MO'  TiMy 
are  now  s.jccessfully  used  in  such  ari!<<s. 

Septic  tanks  are  generally  u.ied  for  s<-wage  trt^atment  in 
many  small  ojilyi.'ig  miht.iry  inKt.illatlons .    Thi^  t-llluent  is 
sometlmi-.'i  dl .■ipo-ir"[l  of  :i\  loachlng  wells,  sometimes  by  sur- 
face dl6ch.5rgr,  ilepnnding  on  terr.3in  and  ground  conditions. 
S<iptlc  tfinki;  wrrc  formerly  provided  with  artificial  heat  to 
maintain  optimum  temperature  for  bacterial  action.  Expenenco 
has  shown  that  sewage  can  be  maintained  at  satisfactory  teiB» 
peratjres  against  freezing  with  latent  heat  and.  while  less 
bacteria  action  takes  place,  increase  of  sludge  storage  com- 
pensates.    Installations  of  moderate  size  such  as  those  at 
Clear  near  Nenana,  and  Fort  Greely  near  Big  Delta,  use  Imhoff 
tanks  satisfactorily.    Sewage  K^.goons,  still  under  study,  are 
not  in  common  u-ie. 

Large  in.it.iU.ition;;  of  Elelson  Air  force  B.];ie  and  .'"ort 
Wrtlnwrlgh:  provide  lot  prim.iiy  tte.jtmenl.    After  the  u.iju.i; 
removal  of  large  liodtlng  objects,  the  sew.ige  er.ter.s  a  gre.ise 
rerr.oval  unit,  then  a  preparation  unit  with  .niechanical  aerator r., 
water  .it:r,iy.-;,  ,ind  r.klmmer.    A  ch'Tnlc.?!  feed  pump  is  provided 
for  alur  •::  ,1 1  1  in  floccu!,3tlon  when  dilution  affecting  the 
sewage  teq'.Jires  it.   These  chemioals  are  led  .jheatl  ol  this 
flr>tatior  unit,  allowing  It  to  serve  as  a  floe  chamber.  The 
sewage  then  goes  through  primary  clarlflers,  and  the  effluent 
15  chlorinated  tisfore  discharge  to  the  natural  drainage. 
Digesters  of  sufficient  size  are  provided  for  sludge  storage. 

Fairbanks  has  a  unique  system  for  its  UtIlltlaa  WMcfa.  I 
believe,  is  discussed  in  another  paper. 

The  w,=iter-bearlng  gravel  aquifers  tapped  at  Clear  Air  Force 
Ba-ie  do  not  have  the  Iron  manganese  problem.    Neither  does 
thi-s  problem  <!Xl!,t  In  gravels  supplying  thi;  wells  at  Fort 
Greely  lodted  ne.^r  Big  Delta.    A;  lx>!h  ol  these  stations  the 
quality  of  ground  water  Is  excellent  (Table  I).    Water  could 
be  obtained  Inam  the  Tan.ina  River  in  all  these  areas  but  would 
re-guirc  much  treatment.    The  river  is  very  silt  laden. 

High  production  wells  at  these  locations  were  driven 
through  varying  depths  of  permafrost  to  water-bearing  gravels 
below  these  formauons.   At  Clear  this  depth  Is  at  80  to  100  ft 
while  at  Fort  Greely  the  best  aquifer  is  found  at  ZSO  to  350  ft. 
Several  wells  at  Fort  Greely  have  features  of  unusual  interest. 
One  of  the  developmental  nuclear  powerplants  under  study  by 
the  Corps  was  built  and  is  in  operation  at  this  site.  It 
supplies  all  the  steam  heat  and  most  of  the  electrical  require* 
ments  for  this  post.   When  the  steam  turbine  is  operating- 
condensing,  much  cooling  water  Is  required.   This  supply 
from  a  high  capacity  well,  with  water  of  34°  to  40'^ F,  Is  put 
through  the  condenser  and  returned  to  ground  water  through  a 
recharge  well.  The  system  has  operated  very  well.  Wells 
wece  spaced  to  prevent  recirculation.  Tests  were  made  with 
dye  compounds  in  the  exploration  phase  of  construction  to 
check  this  possibility. 

Another  aspect  of  the  nuclear  plant  dealing  with  water 
supply  may  be  of  Interest.   There  is  a  certain  amount  of  waste 
product  from  such  a  plant,  wtuch  is  slightly  radioactive.  Tbis 
liquid  is  kept  in  tanks  for  periods  of  time  to  permit  maximum 
radiological  decay.  This  waste  Is  then  piped  to  e  nearby 
stream  and  heavily  diluted  with  the  addition  of  ground  water 
to  a  radiological  baekgiound  count  aa  low  aa  or  lowar  than 
that  of  the  water  Of  fba  amam  Into  which  It  la  diadMigad  at 
flood  runoff  tima. 

MtfiouBh  In  tha  Kudkokwla  Dalta  ana  watar  oaD  ahnya  ba 
obtained  fima  iha  Kuakokwln  Mvar,  tfw  hoavy  aiU  eonditlona 
than  nada  walla  non  aueoMaful.  Ona  of  tha  walla  llbbiaa  I 
and  19  at  Bathal.  waa  drtUad  MO  ft  throuoh  panaafroat  to 
etalala  good  quality  watar  tern  landa  at  that  daplb. 

Aaothar  dawlopiaaK  waa      tappiaV  of  a  watartearlng 
Itaetun  hi  a  gnntta  iBmatloa  near  Norlhway  on  the  Alaaka 
Highway  to  aupply  watar  for  an  important  pump  station  on  Ifaa 
oil  praducta  plpaUna  btm  Haines  to  Fairbanks  (Fig.  C}.  h 
spaelal  aaaUng  pnooas  waa  undactakaa  ban  to  piwant 

Fiiidiar  north  In  tbo  YidUA  Valley  are  military  Installauons 
at  Batoaa  and  Vast  YidMni.  Oalena  is  supplied  from  a  ground 
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IkUall.  Dapil)  ot  induatrul-typ*  wAU^ 


Av.  Dapth 

Location 

Aaulfer  Fonnatlon 

2M-6S0 

Alluvial  or  beach  sands 

under  permsirott 

CIntAFB 

M-120 

Glacial  gravala<  vaiyalionB 

aquifer 

Bl«l«on  AFB 

M-130 

River  valley  gravels,  some- 

limes  under  permalrost; 

(airly  ^irnng  .jquifcr 

Elmendorf  AFB 

160-460 

Glacial  •iinr;s  and  gravels 

Anchorage 

Tort  Greely 

250-350 

Ulcicijl  grovels,  strong 

Fort  Rjchardson 

120-200 

Cilacial  grjvels 

Fort  '.Vair.wrlflkt 

M-120 

River  valley  gravels,  3om«- 

Fajrhar-ks 

tlmes  under  penriafrost: 

fairly  strong  aquifer 

Ton  Yukon  AFB 

20-30 

Seepage  well  or.  river  bank; 

perm  .lira. -it  i.i  ibout  400  ft 

deep  With  .tiity  a.ind.s 

Ualtsria  AFB 

160-210 

Rjver  volley  yiavols  under 

permafrost 

Glenallen  ACS 

180 

Glacial  sands  and  gravels 

8u  ma 

under  porniafroat>  Salt 

*D»ta  fRMi  Coipi  of  Snglracra.  A 

laaka 

water  aqulfw  200  ft 

umlarttaiwi 

mafioat.  Hara  asaln.  lion. 

laanoaMaa.  and  obnoxtoiw  s«ns  ai«  contanlnanta  and  nuat 
ba  traated  (TaUaa  I  and  10 .  Wall  water  at  Ma  aUa  is  hard, 
and  tha  amount  uaad  la  not  laig**  Water  la  paaaad  thiougti  a 
dagaalftar  which  raatovaa  oaibon  dloRida.  ranovaa  othar 
saaas,  and  oxldlsaa  Oa  ianeiM  imi  te  tha  tnaolubla  iaarle 
atata.  It  la  than  paaaad  tiuough  a  bank  of  pnaaun  fUtais 
that  raMOva  tha  Hen  and  thwugh  a  hank  of  aodlan  taoUta 
aoftanara  M  tha  akwava  tanks* 

At  Fort  Yukion.  a  aaiaU  Alhataaacan  Indian  oonauinlty  ateva 
tha  Arctic  Cliel*  locatad  at  tha  liaiotloa  of  tha  Forccplna  and 
YUken  Rlvora,  thai*  Is  anolhar  nlUtaiy  Installatlan.  Watar 
la  auppllad  tqr  walls  Mllad  Inte  thawad  gravals  adtaeant  te 
an  oM  flvaf  dwnnal.  Thai*  walla  ara  relatlvaly  shallow. 
Waste  disposal  boa  tta  mlUtaiy  tnatellatlen  la  by  aapue 
tank. 

It  la  ballavad  that  tha  tapping  of  aqutfars  balow  paima- 
fkest  would  naka  posslUa  tha  axlstenea  of  daap  walls,  but 
te  date  no  aueh  walla  hava  baan  astebllahad*  nothar  ax* 
phMatlon  la  nacaaaary.  An  aacplontoty  drill  hola  by  tha 
Corps  at  this  station  (CO  (t  balew  paiMabOit  and  400  ft 
daap)  did  not  reveal  water.  Tha  YUuNi  Mvar.  of  ooma.  has 
winter  (low  beneath  Its  lea  nwntlo.  Tlia  town  gats  its  watar 
bom  tha  school  wall  which  la  similar  In  consmwtlon  te  tha 
one  described. 

Water  supply  for  alrbase  facilities  near  the  Eskimo  Village 
of  Unalakleet  on  Norton  Sound  off  the  Bering  Sea  Is  supplied 
from  a  man-made  lake  formed  by  dammlrvg  a  very  small  stream, 
actively  flowing  only  In  summer.    This  reservoir  Is  supple- 
mented by  a  large  heated  storage  tank  at  the  site  (Fig.  7) . 
This  dam.  while  small.  Is  built  on  permafrost  with  an  Interest- 
ing partl.il  permafrost  core.   Wells  were  explored  and  may 
ttlll  be  possible  but  were  given  up.  since  this  system  Is  mora 
cen.-iln  .inA  less  cosily. 

It  IS  possible  that  graijr.d  water  fron  wells  along  the 
Unalakleet  River  co'jld  be  developed-    The  Esliimo  village  QOtS 
Its  water  frox  the  river  ar.d  iron  sone  very  shallow  wells  In 
the  river  valley.    Sewage  dispcsal  for  this  taasa  IS  by  saptlC 
tank.    The  town  h.ia       dLipcsal  system. 

The  town  ot  Norr.e  obt.nr.s  rao.it  of  if.  wnti-r  tto.ii  .h  r.prlng 
by  the  rotr.antu-  r,.imr  cf  N'.Mr-Ught.    Thii  if.     yft.a.r-ro jnd, 
ground  water  .upply  IciMted  About  3.  j  nilt":.^  trom  t.ie  town, 
with  a  seasonal  flow  ol  300  gpm.  The  Snake  and  Nome  Rivers 
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aaaifey  also  have  now  under  the  Ice  mantle-  In  summer,  watar 
is  pipad  tt  town  from  this  spring  and  distributed  by  above- 
g round  pipes  te  all  paid-up  euswmers-  In  winter,  because  of 
low  tanpaiaturas  and  tha  unprotected  nature  of  pipe,  tank  truck 
eparatlens  an  aaeasssry,  and  water  is  sold  by  container 
measure,  posing  severe  use  limitation.   Sewage  disposal, 
except  for  buildings  facing  the  waterfront .  is  by  ti^rtk  truck. 

An  alrbase  near  the  Eskimo  town  of  Kotzebue,  also  ta 
above  the  Arctic  Circle  on  Kotzebue  Sourtd  off  the  Chukchi 
S«a.  This  bass  Is  literally  built  on  piles  frozen  into  a  panaa* 
frost  formation  containing  large  masses  of  ice-  Developmamt 
ol  this  very  successful  technique  by  the  Corps  ha*  been  the 
subject  of  several  papers  and  will  net  be  discussed  here. 
Water  for  this  base  is  suppliad  by  tapping  a  small  creek  which 
drains  several  small  lakes  and  dladwigoa  into  Kotzebua 
Sound.  Sufficient  flow  la  swlntaliied  to  supply  the  base 
during  summer  months,  but  tenk  storage  is  necessary  fbr 
winter  naads.  Waste  disposal  la  esirtad  by  aboiragmund 
insulated  aaptle  tank  and  plpallna  dlsdwige  Into  Botsebua 
Sound. 

For  a  preposad  but  abandoned  davelopaiam  near  iho  Navy'a 
oU  exploration  camp  at  Umiat.  tha  bank  gravala  of  the 
CoviUe  River  (a  sisaaMa  straam  nearby  Hewing  nonhwaid 
from  tha  foothills  of  tha  Imoks  Ranga  IMe  tha  Aicuc  Ocaan) 
were  anamlnad  in  winter  during  ttta  axploratlon  phase  of  this 
davalopBunt.  These  grovels  oontelnad  sufficient  water  to  be 
oooaldawd  as  a  most  piobabia  souroa  of  watar.  ftnansHfo 
teste,  howavar.  wan  not  siada.  as  Ota  pimaet  was  not  built. 

Watar  te  InsteUatlens  at  Point  Banow  and  Baitsr  Island  on 
the  Arotle  Oeaan  is  suppUod  susuaar  and  winter  by  teak  truck 
Item  niatlvaty  •hallow  lakas.  At  Banow  and  Baitar  lalands. 
a  tank  truck  esrrlas  sawaga  W  an  opan  pit. 

One  saotlon  not  yat  diseussad  Is  tho  Aloutlan  Chain 
(Fig.  9 .  lha  Alaska  Panlnaula  and  lh*  Aloutlan  Chain  extend 


Fig .  6 .  siagrammatic  sketdi  Of  easing  and  eomsnt  (vartleal 

scale,  1  in.  =■  30  ft) 
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same  IbC'C  mllttf.  ojl  Jnto  lise  Pacllic  Oceo.i.    The  nre;i  la 
thini/  popui.-.tc  i  ■••/ith  Villages  generally  clo$e  tc  ni:i;ttiry 
stations  ariil  iish  canneries.   Water  for  both  is  oiit.3.r,i%l  from 
many  streams  and  lakes,  sot.c  rr.jn- T.orii.-  wr.h  earth  dans. 
These  are  all  supplied  by  heavy  i^reciiiitatiyr. .    Wciis  are 
used  at  Shemya.   Permafrost  exists  only  In  rni3-.:ve:y  high 
mountain  areas  near  the  base  of  the  Peninsula.  Sewage 
disposal  for  military  Installations  Is  ganwelly  eantod 
through  Outfall  pipes  to  tidal  flats. 

\iViu:<>  tr-.i;;  p.i|jar  does  not  disc-;;-,  thi^  lor-j-rarige  planning 
glvcf  to  ■.■■•.jtiT  ic^o.irres  in  o.ir  civ.i  works  river  basin  atwl 
survey  f;rogi.i:r.N .  thiN  %jbj<--ct  fi.-is  most  careful  consideration. 
River  b^-.-lns  of       AI.hs<.i  hnve  neer,  srisdlfwl  (Corps  of 
Zr.<jir.fM-r..  iC'S  Sl.jdy)  wJlh  o:;\y         ri.[:<;r'  yet  to  fuibllohod 

Congr-i  ^■.^^lon.-)  I  Uoc- .Tjent*.  Thf  rT.5jL>r  planr.;rq  stui'.es  now 
under  '.v-ay  for  the  grejt  Rampart  Dam  Project  ond  the  '.nportant 
Chsna  River  Flood  Piotactton  Study,  about  completed,  carefully 


appraise  future  water  supply  and  provide  for  maximum  use  aita 
eanMnvatiain  of  tM>  vital  iwaourea. 
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WATER  SUPPLY  SYSTEMS  IN  PER/v\AFROST  AREAS 


G.  L*  mJBra.  Arctic  Hralth  Raaaansh  Cmtar.  Alaaks 


Aitoqiiate  watar  supply  u  baale  for  tlM  oentlnijad  gMWtii  9t  any 
eOiBiBuiilty.  In  parawbeat  ansa  tha  attandant  Af&eulUaa  in 
providing  this  supply  am  mnaaioua  and  convHeattd.  Itaa  aaln 
eoneain  hna  Is  to  Uni  wotkaMe  ■Qluttaas  far  aafa  and  ptaml- 
All  watar  syppliat  tfut  «r»  aoonontfeally  faatlMa  for  both  laive 
and  smaU  ooiMiwnltto8> 

BM»GIIOVND 

tha  Korth  AdMtieaN  Jtaetle  la  atill  aparaaly  populatad.  bi 
recant  yaara  a  tew  population  oantora  have  nualiroonad  with  a 
raaultant  daaiand  far  aiodam  eoiwonlaneat'-aniona  tham 
adsqwate  water  distribution  ayatama. 

In  Alaaka  moat  problems  with  axlBting  systena  taaolt  toai 
misapplication  of  Temperate  Zona  methods.  According  to 
Zhukov  Cl]  heating,  sewage  collection,  and  watar  distribution 
nalna  in  permafrost  regions  affect  tha  stability  of  Iwlldlnaa 
more  than  anything  else.  Becausa  M%  o(  Alaska  Is  underlain 
with  permafrost  and  because  of  population  growth  potential, 
the  need  for  diseovaring  effective  means  of  providing  theao 
systams  baoomas  Ineraasingly  inpartaiit. 

WATER  SOURCES 

Surfaea  aouroac  provide  most  of  the  water  used  domestically. 
Dasplta  a  Umltad  annua)  precipiisuon  in  some  areas,  varying 
from  about  37  cm  In  Anchorage  (lat-  61")  to  30  cm  in  Fairbanks 
(lat.  6S*)  and  to  11  cm  in  Banow  (lat-  71").  few  places 
actually  experience  water  shortage.  True,  the  high  cost  of 
eollactlon,  treatment,  and  distribution  drastically  curtails 
consumption;  and  watar  may  axtst  as  lea  and  snow  during 
ball  iha  yaar. 

Many  small  communities  still  use  primitive  methods  of 
water  handling .  During  summer,  water  is  hauled  In  buckets,' 

during  winter,  ice  and  snow  aro  carried  on  sleds,  or  water  is 
dipped  from  holes  cut  through  ice.    Chlorinatlon  Is  widely 
used,  but  bodiny  is  the  nios?  rtJnmion  nitfthod  of  disinfection. 

In  recent  years  wells  have  boor,  dug  ind  drilled  In  Arctic 
coinmunuies  with  v.:!ryir;i3  success.    Gr.imgc  L2]  reports  a 
number  ot  wells  in  northerri  Canada  that  top  wotcr  sources 
through  perin.ifrost     Coniiri^o  js  pumping  or  clprtnr  hc.iting 
cables  .iie  reLjulred  to  keep  These  wells  from  frcezir.cj.  In 
Alaska,  thf  Bun-au  of  Iniifin  Affairs  (BI/O  is  cruniuctiny  a 
well-drllliiiij  progi-i!n  tor  BIA  schools  in  native  vi;;.^f;es.  The 
BIA  IS  also  drilling  coxx jni'.y  wells  ir.  mrj.iy  of  the  S3irie 
vill<5gf.r.  with  rund:.  provided  by  the  U.S.  Public  Herilth 
Sorvire  (THS).    This  ir.  p.irl  of  ,i  general  s.initrjtion  inprovo- 
ment  proyr^jm  to  rlev.L^to  hr.ilth  st.ina.ird.'i  o:  riboncjinil  groups 
throughout  the  United  St.itc;;.    Where  well.s  nre  drilled  through 
pemafrt)st,  froeriny  pn)l:liTn:i  .-irise.    The  magnitude  of  the 
probien  depends  nn  the  i;u.5ntity  of  water  pumped,  the  tem- 
perature o:  both  the  wjtcr  and  the  soil  sutrou.-.diDj  the  casing, 
and  the  time  between  pumping  operations. 

Several  methods  for  thawing  frozen  wells  have  been  used 
with  varying  degrees  of  success.    Steam,  hot  water,  and 
even  cool  water  have  been  introduced  Into  the  top  of  the 
caslrig  by  a  flexible  hose  which  Is  lowerod  as  the  ice  melts. 
The  overflow  is  usually  wasted  but  may  bo  trapped  and 
reheated.    £lrr;tr:i:.-il  he.itlng  elements  have  been  lOMUSad 
into  the  ICC  V-i  meit  it.    Bjine  hfis  been  tried  often. 

One  of  the  mo-;t  Liuc;:e^;i(ul  methods  employs  an  insulated 
double- conductor  cable  with  iti,  lower  ends  joined  together 
and  sealed.    Us  upper  ends  .3rc  connected  to  a  low-voltage 
uansformer.    The  cable  is  placed  between  the  drop  pipe  and 
the  caslr^g  artd  extends  below  the  permafrost  zone.   Wire  size 
and  voltage  output  are  selected  to  provide  about  1  w/ft  of  wira 
One  well  so  oqulppod  [3]  was  left  unused  for  over  a  year. 
Within  only  a  law  hours  of  applying  alactrlcal  energy  to  the 
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diep  wirs,  tha  pwnp  was  started  and  watar  waa  oMalaad. 
TRBAIMENT 

BMMislva  ohanlMl  Mtlysas  of  surtae*  and  gRwad  wntars  in 
Ataaka  haws  tosn  nwda  by  A*  U.S.  Oaologloal  Stamv  (V8Q4 
Cd]  and  tha  Jtoetle  Raalth  Raaaarch  Oenlar  (AHRiO  Csl.  An 
AHMS  study  oi  watsn  usnd  in  Bl  Alaskan  vlllagss  ravaals  diat 
tha  watara  era  panasaliy  of  good  to  axcallaat  chanical  quality 
axeapt  tar  ben  ud  oalar.  Aa  aKpuetad,  ground  watar  is  awn 
highly  ortnanOlaad  Hmn  autfaea  watar.  Annng  tha  villagaa 
taatad.  axtanalva  usa  of  ground  watar  waa  found  only  In  tha 
Tanana  River  area.  Waters  In  ctMstal  areas  hswa  a  hltfhar 
mineral  content  and  more  psoblems  of  color  aiMl  Iron  than  Hmn 
of  Interior  areas.  About  ona- third  of  tha  waters  In  both  ansa 
show  excessive  color.  Nearly  two- thirds  of  the  vlUagas  in 
eoastal  raglens  and  abotit  ona-fdurth  of  the  villages  in  the 
intarlor  hava  measslva  iron  with  aome  ground  waters  having 
ovar  100  aig/lttar.  Vary  few  hava  total  solids  above 
SOO  gigylitar  and  only  ona  has  axcassive  fluondas. 

Exporlnanta  conducted  by  the  AHRC  on  highly  aunanUiad 
ground  water  from  a  village  in  Western  Alaska  Indicate  that 
such  waters  are  amenatde  to  IronTemoval  traatmant  by  tha 
fill- aixl- draw  method  using  soda  ash  and  superchloilnatlon. 
Agitation  and  mixing  are  done  with  cowprassed  air  and  a 
dlffusor  stone.   By  this  method  Iron  la  raducad  Crom  ovar  100 
to  about  1  mg/Utar.  Olfaar  anthods  of  iron  removal  an  being 
investigated. 

Chlorin.-itiot)  Is  now  practiced  widely.   Larger  villages  uaa 
chlorine  yas;  smaller  ones  use  chlorine  in  the  form  of  hypo- 
chlorite. Some  '.•trgt-.t  :  Ules  have  installed  conventional  treat- 
ment plants  In  hr.}teJ  buildings.    The  plants  in  general  use 
chemical  flocculiitidn  lor  n_!movlng  turbidity,  followed  by  rapid 
sand  filtration  and  chlorination.    The  U.S.  PHS  hospital  in 
one  town  north  of  the  Arctic  Circle  uses  a  vapor-compresslon 
distillation  unit  to  treat  sea  water  at  about  S7  per  thousand 
gallons.    This  water  is  f.ar  suporior  to  the  cttx^k  w.iter  con- 
tainirig  over  7u  units  of  color  which  Is  sold  by  .i  local  purveyor 
for  about  S40  per  thousand  gallons. 

Most  waters  in  rvorthern  areas,  with  their  extreme  low  tcm- 
pernli-i.     r.  _|  jire  more  chenicals  and  longer  treatment  time. 
Con-iuniption  rates,  on  the  other  hand,  are  considerably  less. 

DISTRIBUTION 

Methods  o!  di stribut: r;.j  poi.ible  water  range  Iron;  primitive 
hand  carryirig  to  hiyh;y  sophlsli^.^ted  pipe  systerr.s.    Ice  and 
six>w  are  still  fre:jucrtly  h.juled  clurlng  winter  .irid  melted  on 
the  cookstove  with  obvious  d-inger  of  contamiii.ition.  Some 
small  villages  use  a  summer  water  distribution  point  consist- 
ing of  several  converted  55  gal  drums  from  which  people  h.3ul 
thi-ir  own  water.    The  drums  are  usually  filled  intermittently 
l>y  sm.ill  gn.iohne-englne  driven  pu.mps.    For  winter  operation, 
a  lew  vilbigts  hmd  nirry  their  water  frorr.  a  centrally  heated 
water  supply  buil-dlrig.    Where  such  central  supplies  an  USatl 
chlorlnation  ,ind  iron  remov,il  can  be  accomplished. 

For  year-round  oputotlon  ■^  irw  In.'ititutions  and  villages 
use  pipeline  laid  on  a  continuous  gr/»de  from  a  surface  water 
source  to  storage  tanks  located  Inside  vjtlous  bulldlr>gs. 
Pumping  cm  usually  be  done  at  temperatures  atjove  about 
-lO'C.    Alter  the  t.mk  lu  filled  the  pipe  is  drained  to  prevent 
freezing.    Since  most  northern  areas  have  warm  periods  even 
in  midwinter,  this  system  has  much  to  offer  where  adequate 
storage  can  be  provided.    If  pipe  of  low  heat  conductivity  la 
used,  little  trouble  results.    Exposed  metal  connectors  be- 
tween pipe  lengths,  however,  are  a  source  of  ice  plugging 
and  must  be  insulated. 

In  larger  vlUagas  and  towns,  where  financas  permit. 
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continuously  operating  diatrtbutlon  systoms  are  used.  The 
AHRC  has  noted  t«iBp«r«ttir««  of  -d'C  mor*  than  2  m  d««p  In 
the  soil  beneath  ton*  of  th«  atMMa  of  Fairbanks.  Saeaoml 
froat  daptha  graatar  than  4  m  exist  naarby.  In  pamateat 
araaa  it  la  fuUla  to  attampt  to  place  a  conventional  dlatrlbu- 
Uon  ■yataiD  below  the  aaaaonal  frosthne  since  In  many 
■actions  the  seasonal  frost  and  the  permafrost  meat,  leaving 
an  unbroken  layer  of  fro  can  soil  from  the  surfaca  to  graat 
dapths.  There  are  two  altemauves:  Either  tha  dlttributleit 
system  must  be  heated  somehow,  or  tha  watar  mutt  ba  ranovad 
from  the  system  before  it  freezaa. 

Three  davicaa  used  in  preventirvg  fraaaing  In  a  distributioa 
ayataia  are  the  uUUdor,  the  steam  traoar»  and  the  electric 
heat  tApe.  Tha  utiUdor  is  a  heated  paSMgcway  built  either 
below  yrada  or  supported  on  posts  abovagnda.  The  latter 
has  the  advantage  o(  not  disturbing  tha  penaa&oat  equilibrium. 
A  utiUidOf  usually  contains  all  utility  aaivleaa  that  in  non- 
i  aiMS  ara  gaiierally  burlad.  Ihla  method  kaepa 
)  axDund  the  mains  abott*  fraaslng ,  but  oonstnic- 
iion  oestt  ai*  ae  high  that  tha  avanaga  eonuaunlty  finds 
utiiidors  uneconomical. 

Steam  tracer  ayatsms ,  aaaivll  as  electric  heat  tapes,  sra 
suitable  for  smalhirlaataUallaiU.   Here  again,  however,  the 
coat  of  pcoduciiiQ  ataam,  iha  ■tlendant  proUema  of  oolloottng 
Dm  candanaat*.  and  tha  oost  of  alaoMoat  oiiargy  aaka  such 
systems  Impfaetleal  for  a  ooronunlty  of  any  sisa.  lot  vwy 
small  eoauminttlas  having  no  ataam  and  only  iniaraltlont 
electric  poarar,  such  mathoda  ara  impossible. 

Thara  ara  also  three  methods  gsnorally  used  for  raaiovliiB 
rsaldusi  watar  from  a  dlattlfaullDn  ayatam  bafora  it  ftoosaa. 
Iho  firat  natliod  iowolvas  Imaiadttsnt  puaiplng,  pravlously 
SMnttoaad.  BiOiar  ths  plpas  ara  dlseomsetad  and  ollmasd 
to  drain,  or  eompraasod  air  la  liMradueod  to  loveo  Iba  watar 
dnwogiado  and.  In  tha  ease  of  a  supply  line,  to  hold  It  below 
tho  lea  Isvol  of  tha  watar  souroa  [6l.  Hm  lattar  mothod  ia 
paitloilarty  adsptaMs  to  ths  Inlaks  Una  of  a  punpMs  statlea. 
rig.  1  Uluamtss  a  nsehanloal  varslen  el  this  awlhod  Ibr  a 
snail  InstaUsUon.  Dw  punplno  eyelo  In  Pig.  1  consists  of 
an  opoB  supply  lino  valvo  and  a  elesod  prasstm  ragulator 
vaJva.  Iha  botdlng  oyela  oonslsts  of  a  closed  supply  Una 
vaNa  and  a  praasm  fsgulstot  ttst  Is  adtaMui  to  hoM  tha 
alr-watar  inlarfboa  batow  tiw  lea  at  a  daptti  iadlcatad  fay  a 
gaga.  A  aiora  sophlattealad  opantloa  is  posalUa  by  using 
nlaya  and  solonold  oipacatad  valwasj  such  a  systan  Is  In 
oparatien  at  Bamow,  Alaska. 

Tha  aaoond  «nd  third  molhads  far  neoKMrlno  watar  dapend  on 
constant  elioulotion  of  tho  watar.  Iho  first  of  thaaa  mathoda 
(n«.  3)  la  a  dual-awln  lacbculatlng  ayatam  C'l.  Thla  oon- 
stnietien  usaa  both  lUgfa  praaam  and  low  pnaaura  nnlna  laid 
in  tho  aaiw  tnnefc.  Haatad  watar  fmn  the  treatoMnt  plant  or 
pumping  station  la  ibiead  otit  thiough  tha  high  prassiva  main 
and  Ntims  ttaeugb  tha  Iwr  pmssum  main  for  nhaattng  and 
the  addition  of  atakoup  watar.  House  aarvieea  ara  built  in 
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Fig.  3.  Dual-main  raeUeulatlng  watar  ayatam 
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S  E  N  VIC  I     CONN  E  e  TION 
rig.  3.  Single- main  raetroulating  water  systa* 
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Fig.  1.  Air-lock  water  aupply  for 


IntacBUttent  operation 


)  of  a  loop,  one  end  of  which  is  attadiad  to  the  high 
pressure  main  and  the  Other  to  the  low  presaura  main.  The 
l  ouse  plumbing  itself  ia  connected  to  the  midpoint  of  die  loop 
where  •  check  vaive  minimizes,  although  it  does  not  guarantee 
against,  the  possibility  of  a  cross  connection.   Thus  water 
flows  continuously  through  tha  house  service  regardless  of 
use  within  the  house. 

The  other  circulating  method  la  the  alngle-maln  recirculat- 
ing system  arvd  uses  only  one  high  ptaasure  main  (Fig.  3) .  As 
in  the  dual- main  system  the  house  service  is  laid  in  the  form 
of  a  loop,  but  water  Is  forced  through  the  service  Una  baeauae 
of  a  valoelty  head  in  tha  main.  S^lal  flttlng8<  jtermttung 
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use  of  iht;  vt^lDciiy  hftrtd.  were  developed  by  engineers  at 
AHRC  and  a  consulting  firm  (R.  W.  Beck  and  Assoclstes, 
Seattle,  Washington)  [8.  9"..    The  city  oi  F,iubinJcs  useX 
method,  which  in  1!e  miTial  phase  s.ivn  l  thi-  :-ity  .-ibcujt 
$900,300  over  the  cost       imi^ilir'-y  .i  dui.-n.-iin  systux. 
ancause  pumplno  costs  aim  high,  raclrculauon  is  used  only 
during  thoaa  months  whan  hcniM  MiviM  IliiM  ara  likely  to 
freeze. 

Experiments  conducted  by  the  AHRC  with  a  scnaco  loop, 
using  100  ft  of  0.  75  in.  copper  pipe,  disproved  the  theory 
that  hsat  of  fusion  could  be  used  to  permit  supercooling  o( 
the  burled  service  line  without  freezing.    Sufficient  heat  must 
b«  provided  to  onset  he^t  loss  to  the  ground;  a  velocity  of 
somewhat  less  than  0.2  It/ sec  In  water  oniy  a  few  degrees 
above  freezing  is  sufficient  in  Talrbanks.   This  condition 
occurs  when  ths  velocity  In  the  itsin  Is  about  3  (t/see* 

SUMMARY  AND  CONCLUSION 

Technical  problems  relating  to  Operation  of  utilities  are  being 
solved  in  Arctic  environments,  but  many  answers  have  not  yet 
been  found. 

Cola  winters,  permafrost,  and  transportation  difficulties 
result  in  costly  utility  services.    Expanded  reaaareh  la  nasdad 
to  provide  sale  and  economical  water  supplies  for  grawlng 
eennunitlas  in  northern  regions. 
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WATER  SUPPLY  SYSTEMS  IN  FROZEN  GROUND 


LMS-BRIC  IMiaOM,  Ooandtlng  tngUiMr.  AoekholM, 


Coii'.id-^i.iHoii  rnjst  litr  qivrn  lo  si'vi;r.il  !.ic:toiN  when  dcter- 
.n n  u iv 3 fry ro,jnc:  i.iyoul  Jr^'th  Jor  w-itf-r  fai:i'Un<5S  and 
s<'W<-rs-    In  norih(-rn  3weili-n,  Ihi'  ii-ni- i>;oi;-n'r:n  or  frosf-frop 
depth.  15  In  most  co5<-5  the  only  cli-tfrmintriy  !iirt<">r. 

In  these  arcjs,  the  fr<?st  depth  '.s  very  uncertain,  and,  to 
a  large  extent,  extremely  sensitive  to  variations  In  the  mean 
anniji!!!  tempcr.Dt ure  .  esp'ecially  ;r.  snow- cleared  ground.  As 
sti->.ted  in  an  earlier  pi-bhcation  ill.  3  succession  of  years 
with  cold  winters,  and  with  cool  aunneis  rsnd  ciatunjn.s.  or 
little  precipitation,  mrty  result  In  .m  obviou.v  loWf^rinQ  of  the 
mean  annual  tempetaiuro  of  the  ground  to  0°  C  or  below.  Thia 
implies  that  the  frost  dttpth  nny,  .!t  n  cifrtaln  critical  n>ean 
annual  temperature  Ir.  thct  'jround,  .suddenly  go  much  i1e«p<fr 
than  normal . 

Mean  temperature  variations  in  those  arvas  malc>-  It  rjillicult 
to  estoblish  a  (rost  depth  which  will  bo  decisive  In  chcosirxj  a 
laylny  f;<-;:th  tor  water  pip<?!tnos.    A  2.4  to  2.6  m  l.jvirig  di'pth 
has  been  jrlopled  ftT  the  present:  it  coiirsponds  to  the  frost 
depth  oJ  most  cold  winter";     Becjuse  frost  depth  m.iy  be 
considerably  greater,  freezintj  in  pipelines  will  be  1.3irly 
frequent.  Thia  is  confirmed  by  the  fact  that  every  year  taiqe 
sums  are  spent  on  fepalr  and  thsMno  of  ftosaa  watar  plpallnaa 
and  sewers. 

UYING  DEPTH  AND  FROST  DEPTH 

Using  a  laying  depth  greater  ih.^n  that  cited  above  would  be 
both  uneconomical  artd  impr.^ictu  .'tl ,  since  completely  frost- 
tree  ground  does  not  occur  until  a  depth  of  4  to  S  m  has  been 
reached.   It  may  then  be  more  advisable  to  fit  pipes  with 
aritiicial  heating  devices  when  they  are  placed  in  the  ground, 
since  thaw-lneun«d  aucpansa  is  likely  In  any  case.  This 
would  also  permit  reduction  of  the  current  laying  depth> 

An  account  follows  of  tests  made  using  electric  haattng 
cables  placed  along  pipes  to  compensate  for  heal  losses  which 
Otherwise  might  cause  Ice  formation  within  the  pipe.  In  addi- 
tion, the  possibility  of  reducing  laying  depth  by  baclUUUng 
with  a  highly  (rost-reslstant  material  (in  thla  caaa.  watar* 
retaining  peat)  also  has  been  examined. 

Investi'jations  wore  carried  out  at  a  small  plant  at 
Nattavara  (lat.  66°46'N,  325  m  above  sea  level)  during  the 
winters  1960-  1961  and  1961-  1962.  as  well  as  at  a  research 
•tation  at  GtiUlvara  (Jat.  67°10'N.  41S  m  above  sea  levelr  mean 
annual  air  taaiparatura -0.7* C).  during  tha  wtntar  1961-1962. 
Additional  testa  were  conducted  during  tha  Wtiltar  1963-1963> 

HEAT  LOSSES  FROM  BUIU£0  PIPELINES 

In  datannlning  the  laying  depth  it  was  aaaumad  that  plpelltias 
would,  at  ttiaas.  Ue  above  the  frost  UnUt,  I.e. ,  In  frosan 
ground.  Than,  tha  quantity  o(  heat  auppUed  to  the  pipeline 
to  pfavani  water  (raestng  in  the  plpaa  (other  conditions  being 
eonatand  would  be  a  funeUon  of  the  laying  depth.  Heat  loss 
tron  watar  in  plpee  it  vfopoctlooal  ts  the  temperature  dlffar- 
anea  faalwaan  Inside  and  outside  pipe  walls.  The  ssMUer  the 
laying  dapth,  tha  lowar  will  be  the  ground  tampefature  at  tte 
QOndult  lave)  in  winter,  and  ceaaegtiently,  the  greater  the 
heat  loan  from  the  pipallfla« 

Heat  loss  (qj)  lion  a  linear,  elieular  heat  eoutoe  of  radius 
U ,  at  depth  M  taalaw  ground  level  may  be  ealeutatod  fMu 


*1 


2  »  X 


where  X  is  thermal  conductivity  of  the  soil.  is  temperature 
of  the  outside  pipe  wait,  and  in  is  temperature  of  the  ground 
surface  (assumed  to  be  constant).  Equation  (1)  applies  when 
the  tempacattira  at  tha  Initial  moment  Is      in  the  soil  and 
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along  the  ground  5urlice.    Thus,  th.-  ey.pr«!.sion  only  approxi- 
mates actual  conditions.    A  more    oi  ip,-  ,^>nslve  solution, 
which  Is  also  valid  when  heat  loss  taxes  ^■■\■^ct  Imm  ground 
surface  to  air  of  constant  temperature,  has  been  presented 
elsewhere  [2, .    However,  for  high  values  of  the  ratio  h  r,  as 
m  this  case,  (1)  will  qjve  sufficient  accuracy. 

If  a  temperature  tjriidlent  occurs  In  the  ground,  the  supor- 
posltlon  pnnclpio  :.i  ndopted  for  pipeline  and  ground,  each 
rfprpser,tir)g  .1  -sepiirnte  hest  generatinq  system.    If  the  heat 
flow  in  the  yn^und  is  regarded  as  stationary,  the  expression 


m  (1)  should  be  replaced  by  the  ground  temperature  (4 


J  at 
lain 


the  level  of  the  pipeline,  which  IS  the  cas*  whoB  than  1 

heat  loss  from  the  pipe. 

If  the  heat  flow  in  the  grour^d  is  nonsLitlonary .  a  term 
should  be  added  to  (I)  which  expresses  the  difference  between 
heal  flows  above  arid  below  the  pipe  and  recognizes  the  curva- 
ture of  the  temparatura  gradient  at  the  plpa  level.  Assuming 
the  ratio  h/r  to  be  gnat,  tha  following  axpcesalOB  la  thus 
obtained 


(2» 


The  last  term  In  (2)  can.  In  most  cases,  be  neglected. 
However,  this  term  is  significant  when  pipes  lie  lust  below 
ground  level .  since  at  this  depth,  variations  tn  temperature 
will  closely  follow  the  fairly  rapid  and  signficant  temperature 
variations  of  the  air. 

Far  statlonsiy  heat  flow  throi^ph  walls  of  ouUr  and  inner 
dlesielere  of  O  and  d.  respecttvely.  tha  tellowlao  appUas 

S  J  and  are,  reapecuvely .  the  inside  and  outalde  wall 
tomperatuiaa.  and  X'..tiia  HMfaial  eonduetivlty  of  tha  pipe 

material. 

When  water  passes  through  a  pipe,  heatlrtg  or  cooling  of 
the  water  takes  place,  depending  on  whether  the  surroundlrjg 
ground  temperature  is  higher  or  :owor  than  the  circulating 
water.   A  change  in  water  temperature  of  At  per  unit  length 
of  pipe  Is  caused  by  tho  traasport  of  heat  quantity  par  tnlt 
of  time  of 

•  OCAf  C4 

where  Q  Is  water  How  la  the  pipe  and  C  la  apaelfle  heat  of  the 

water. 

During  a  steady  State,  tha  following  appUaa  to  any  poim 

along  the  pipe 

<9 

In  (5).  qj  is  constant.  If  Qj  ^2  ^  constant.  Consequently, 
in  (4).  if  the  water  flow  (Q)  decreases,  the  flhango  la  taoi- 
perature  (A')  Increases  at  the  same  time. 

In  practice,  significant  cooling  of  pipe  watw  Occurs  when 
the  water  ceases  to  flow.   If  grouttd  temperature  outside  the 
pipe  is  below  zero,  this  Implies  that  the  water  In  tte  pipe  will 
eventually  freeze.    It  is,  therefore,  most  important  to  estab* 
llsh  the  lowest  ground  temper.it  ..r.'  fi'^^)  at  the  pipe  level. 
This  is  established  from  the  ground-  surface  amplitude 

-  'oBf).  aniltiplled  by  a  moderauon  faoior  aeaotding  to 


♦«■(•«.-  ♦^)o*  *UM  *K 

xe    ^  oe      en'  c 


il  dllfkialvlty. 


where  x  Is  depth  below  ground  level,  e  la  ths 

and  T  Is  time  period. 

The  second  term  and  the  factor  are  inserted  to  Illustrate 
that  condition  where  the  tamperatuia  gradient  is  larger  above 
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dMil  tolaw  ttM  boat  Ualt  diw  ta  tiw  Istant  Iteat  «mmt*d  M 
tha  teasing  Una. 

ECONOMIOa  M«D  PRACTICAL  LMTINO  DCPTH 

T»  studr  Hm  naad  for  hMtiag  at  a  funellen  of  laying  depth, 
tt*  ftoM  divlh  la  aatunl  gieund  at  Hattavaca  haa  kaan  eaJen* 
iMad.  lha  beat  dapHi  tar  ditlanM  feaamig  ifldaiiaa  and  snow 
eondlttena  kaa  baan  datanalnaA  tfw  madied  e(  oaleidatlen 
balno  ihourn  alta%»hara  ( ll .  AetMrdlno  to  (2) ,  h«at  lata  la 
governed  by  the  difference  between  pip«  surface  tempantura 

«nd  ground  temperature  at  the  pipe  ievet  it^-  Iha' 
extreme  value  of  t  has  been  determined  for  calculatad  froat 
depths  at  different  levels  in  the  ground  in  accordance  with  (4. 
At  tha  Sana  tlm.  the  duration  of  temperature  conditions  at  the 
respective  levels  that  make  heating  necessary  has  been  deter- 
mined.  The  relation  thus  calculated  between  power  Input* 
laying  depth,  and  frost  depth  Is  shown  In  Fig.  1. 

If  It  Is  assumed  that  the  power  input  given  in  Fig.  1  It 
chosen  so  that  the  cables  will  b«  used  only  during  the  night, 
or  during  8  of  24  hours,  the  enertjy  consumption  may  be  esti- 
mated.   Cost  of  electric  energy  is  calculated  at  a  normal  rate 
of  O.IO  9«.cr. /kw-hour.    Present  heating  costs  are  f  Ftin.  i>  a 
over  a  period  of  40  years  at  4%  interest.    To  this  Is  uddea  ;hti 
cost  for  heating  cable,  which  'includlr/g  connection  c^iblos. 
installations,  and  a  cci:r.in;t.c:.  fee  of  12.  50  Sw.cr.  '  kw)  is 
estimated  at  ?  S.v  i  r.    ni ,    Thr  hentlrvg  cable  used  tor  the 
tests  was  intf^ndsd  '.21  n  maximum  power  input  of  30  w/m  and 
n  resistance  o!  l.Oohm/m.   For  a  power  dfand  hlghss  than 
30  w/m,  double  cables  were  figured. 

By  reducing  layir^j  depth,  the  probability  of  encountering 
rock  IS  reduced.    The  risk  of  having  to  resort  to  extraordinary 
measures,  such  as  sheet  piling,  draming  of  water,  are  also 
reduced.   Therefore,  if  two  different  laying  depths  at  the 
same  location  are  compared,  the  probable  saving  In  cost 
resulting  irom  a  reduction  of  these  risks  should  t>e  con- 
sidered.   To  Illustrate  this  point,  a  simplified  assumption 
has  been  made  to  the  effect  that,  as  a  mean  value,  10%  of 
the  excavated  material  at  a  3.0  m  laying  depth  will  consist 
of  rock,  and  that  rock  occurrence  will  decrease  Un«arty  to 
aeio  at  a  zero  laying  depth. 

Fig.  2  shows,  on  the  one  hand,  the  relations  between  cost 
of  trenches  and  laying  depth  atid,  on  the  other  hand,  between 
cost  for  heating  and  laying  depth  at  different  frost  depths  (the 
calculation  is  matie  lor  polyethylene  pipes  70  by  56  mm).  By 
summing  up  the  curves  of  cost,  a  laying  depth  is  obtained  that 
gives  the  lowest  total  cost  for  each  frost  depth.  As  shown  by 
the  curves,  absolute  savings  increase  with  frost  depth,  and 
cost  will  drop  when  laying  depth  Is  about  half  the  frost  dcpth> 
In  the  diagram,  thermal  corxtuctivity  of  the  frozen  soil  Is  as- 
.tumed  10  i-K-  1  6  kca l/m-h-" C.  For  soli  with  a  higher  thermal 
conductivity  but  with  the  same  frost  depth,  minlmusA  cxtsts  will 
eoeur  at  otaalar  laying  4apttia>  A  laduetlon  in  Hianial  oon- 


Fig .  1 .  Halation  bntwaan  vamm  inpiit,  laytng  daptb  and  lioat 

depth 


diwtlvlty  or  in  ioM  «f  «lacM«  anaivy.  altttar  per  unit  or  fey 
ihortening  amortisation  tine,  will  result  In  minimum  costs 

being  displaced  toward  a  smaller  Iriying  depth. 

W^en  choosir-.'j  a  laying  depth  in  snow- cleaied  ijrojiitl,  the 
frost  depth  is  .lelected  that  corresponds  to  the  mean  freezing 
index  for  the  ;:oi!  ,fir-.d  location.    At  the  same  time,  the  capacity 
of  the  caiile  must  be  'jufficient  to  keep  the  water  line  free  ffOai 
Ice,  dunrKj  a  prolonged  period  at  a  frost  depth  which  corre- 
E(-^r.iE      the  maximum  freezirvg  index.    In  snow-covered 
g.-ound.  the  some  procedure  Is  used,  except  that  the  mean 
and  maximum  freezing  indexes  must  be  related  to  mean  and 
minimum  thicknesses  of  snow  cover.    For  a  frost-cepth  pene- 
tration between  2.8  and  3.5  m  In  snow-cleared  ground  at 
Nattavara,  costs  were  minimum  at  a  laying  depth  of  1.6m. 

As  mentioned  above,  the  calculation  is  based  on  a  normal 
power  rote.    The  night  power  rate  may  be  assumed,  if  a  l.iylng 
depth  li  r'.Oiun  at  which  the  pipe- level  temperature  does  not 
fall  appreciably  below  zero,  i.e.  ,  heat  loss  from  the  pipe 
must  t>e  such  that  the  w.iter  in  the  pipe  will  not  freeze  In  the 
daytime,  when  it  is  (lowing  and  the  heating  cable  is  r.h-jt  off. 
Tills  implies  that  it  may  be  economically  iustitiitU-  to  ch.r.ose 
a  laying  depth  with  a  displacement  to  the  right  of  trio  ilat  se.g- 
Ti.Tit  of  t.hc  "sum.Tilng ■  up"  curve,  so  as  to  arrive  at  the 
summing-up  curve  shown  by  dotted  lines  in  Fig.  2  for  a  night 
power  rate  of  0.0  5  Sw.cr.  .'kw-hour. 

In  snow-covered  ground  minimum  costs  are  obtained  at 
frost  depths  of  2.  1  and  1-6  m  and  laying  depths  of  0.9  and 
0.7S  m.  respectively.   Since  a  considerable  portion  of  pipe- 
lines (in  spite  of  attempts  made  to  place  them  within  areas 
covered  with  snow)  will  lie  in  ground  close  to  roads  and 
farms,  it  may  be  assumed  that,  in  most  cases.  It  will  not  be 
possible  to  achieve  econonucally  beneficial,  shallow  layirtg 
depths  for  the  whole  plant  as  would  be  determined  by  condi- 
tions prevailirvg  in  snow-covered  ground.  The  possibility  of 
using  low  night  p^owor  rates,  therefore,  would  also  be  con- 
siderably reduced.   Furthermore,  in  most  cases,  U  leylj>g 
depths  were  too  shallow,  it  would  not  be  posaible  to  Install 
■•wars  betteath  cellars;  or  to  prevent  formation  of  atnga  lea 
in  aawers:  or  to  insulate  sewage  wells,  ale. ,  In  an  affaetiva 
manner:  or  to  avoid  pipelina  damaga  due  to  ftoat-haavtng. 

On  tha  basis  of  thaia  eoBildamtlona,  tiia  laying  dapth  at 
the  test  plant  at  Kattavara  was  fijcad  at  1 . 6     laaanitad  ftma 
the  pipe-trench  bottom.   Practical  OOnaldaiatlODa  iavoHDQ 
this  laying  depth  have  thus  far  takaa  precedence  over  aaparl- 
ments  to  explore  means  for  improving  the  economy  of  plpallnaa 
located  near  the  ground  swrfaoa  In  araaa  oovatad  with  anow. 

CmI 
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Fig.  2.  Relation  tx-iween  cost,  laying  daptti  and  fioat 

depth  in  sandy- sllty  moraine 
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OORIMVDIGS 

Ihm  Wnt  at  WattevOT 

Whan  comparing  costs  of  Ta-o  plants  with  different  laylns 
depths.  It  IS  obvious  that  tne  cost  saving  which  can  be 
achieved  by  reducing  layln?  depth  dept^nds    to  n  larqn  nxttjnt, 
on  soil  type.    In  rocky  terrsln.  the  saving  will  be  conn  dur- 
able, while  In  easily  excavatea  jroand  It  will  be  snirtU. 

Excavations  made  at  Natlovarjj  Indicate  the  soil  :o  in;  hard 
(Class  C) .    According  to  conventional  design  prr>crilurr , 
sewers  are  thus  placed  at  a  3.0  m  depth  and  water  pipelines, 
2.4  m  belov.-  the  snow-cleared  ground  surface.    In  snow- 
covered  ground,  pipelines  can  be  placed  at  0.2  m  less  depth. 
At  a  1 .  6  Ti  laying  depth  In  snow-cleared  ground  the  saving 
will  be  26%,  «nd  tor  tnow-covered  ground.  38%,  calculated 
on  the  baita  of  eonvantloral  oonattuoUon. 


Pipeline  tn  Snow  Covered  Teiratn 

lha  aaait  teat  daiNh  la  aaamad  to  ba  1.3  n.  It  will  te  Man 
CnMB  ng.  2  that  nisi  mum  eoat  la  obtalnad  at  a  O.  S  m  laying 
daiKh*  Hammr,  baoavaa  of  teat  dapth  and  Ukaly  tnlfle 
hwdlno  dua  to  local  wintw  teada  IMafsaetlNt  ptyailaa 
tranohaa,  tt  la  advlaabla  to  inoaaaa  laylna  dagpHi  ■onawhat. 
It  HMy  alao  ba  adviaaUa  to  ineiaaaa  aafaty  of  «paratloa  fay 
roduelno  powar  input  to  tha  eaUa:  eoat  of  faadara  would  alao 
thua  ba  raduead.  If  a  0. 7S  oi  laying  dapOi  la  chonn,  naaa- 
uiad  tea  tha  pipallna-tranch  botiom,  tha  powar  Input  raqulrad 
will  ba  about  S  w/m.  If  a  oompailaon  of  eoat  li  aiada  with 
tha  connon  2.2  m  laying  dapth.  tba  Mving  will  amount  to 
40  8w.  cr.  /ra  or  S4%.  whan  ealcMlatad  on  lha  boata  of  Oa  coat 
of  the  pipeline  tranA  «lvwn  In  tiw  mm  anpanafua  ahamativa. 

Plp>--lir..--  i:,  .Rock 

It  15  not  eco.-ionucally  feasible,  under  the  cllm.jtlc  conditions 
prevalllrHJ  in  ;hc  rtrsrth  of  Swc.^on,  to  place  pipelines  in  rock 
beneath  snow-cUv^rod  -jrnund  at  a  frost-free  depth.    In  the 
absence  of  artiUclel  heating,  the  fill  around  the  pipaUna  must 
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provide  aufficiant  insuiauon  so  that  tha  haat  eontant  of  tha 
flowing  water  will  pravant  freezing. 

In  this  case,  powar  input  required  is  celculated.  assuming 
that  tha  pipeline  is  aunoundad  by  20  cm  of  material  having  a 
fairly  low  tbaraial  conductivity.  As  m  the  previous  caaa.  It 
is  assumad  that  the  temperature  outside  the  pipeline  is  not 
allowed  to  (ell  below  zero  (stagnant  water  during  the  nlghl). 
The  temperature  at  different  lavals  In  tha  rock  Is  ealculatad 
by  (6) .   Duration  of  temperaturas  that  require  haatlng  la  alao 
ealculatad.  Ihamial  conductivity  of  the  material  around  tha 
plpalfM,  which  can  consist  of  peat .  slag .  crushed  light  COl^ 
Grata,  etc. .  is  assumed  to  ba  X'  =  O.a  kcal/m-h-'C.  oena- 
■pondine  to  the  value  Of  wet  Bwteilal  In  a  teien  atala.  By 
using  (2)  and  (3) .  tamparetura  outaida  tha  inaulatlon  la  datar> 
rained,  and  haat  lossaa  tern  lha  pipeline  oiay  then  be 
ealculatad  as  a  function  of  tha  laying  depth. 

Tha  relation  between  laying  dapth  and  heating  coat  for  a 
70  by  56  mn  polyethylene  pipeline  la  ahown  Ng.  3:  aNca- 
vatlon  ooata  have  alao  been  Inaeited.  It  aiay  ba  obMivad 
that  adnlnMin  ooat  la  ineunad  at  a  0.75  mm  aHoawatleo  depth. 
Due  regard  haa  been  given  to  th*  fact  that  the  pipe- trench 
depth  la  about  0.2S  m  gnaater  than  tfa«  laying  depth,  hacauaa 
of  Htm  Inauleted  matarial  aiound  the  pipeline.  The  power  Input 
lequliod  will  be  30  w/«.  In  tiw  diagiwn.  eoat  oenparlaon  la 
made  far  laying  depiiha  between  1.4  and  O.S  m.  Inlhefacner. 
the  plpaline-traneih  eoat  will  be  >IS  Bw.er./»,  and  in  the 
latter.  170  8w.cr./ai. 

When  eoaipaclng  tbaaa  eeata,  it  iheuld  ba  racogflisad  fliat 
tha  pipeline  la  of  lha  ehaapar  altantatlva  anuteeae  typa  and 
deaa  not  apply  to  tha  anra  aKpanilva  typa.  In  gaoanl.  If  tha 
pipeline,  beoauae  of  a  great  %»atar  elreulatien.  doaa  not 
tease  at  a  laftng  depth  ol  2.4  m,  haatino  ooat  at  tha  laaaar 
laying  dapA  wiU.  in  reality,  be  lasa  aa  waU. 

Oonaeguently.  tha  saving  anuMmta  to  ISS  8ir.cr,/aor 
48%  aa  calculated  on  the  basis  of  tha  pipeline- trandi  ooat 
tn  the  awra  expenalve  altaraattve.  If  tha  plpallne  la  aur- 
Tounded  by  owtarlal  with  a  lower  thenaal  eonduetlvlty  than 
dwt  aaauBtad,  heating  eoita  will,  of  ee«VM,  ba  laaa.  Tha 
radneed  haatliig  eoat  will  then  have  to  ba  axpnaaed  tn  rata* 
tMn  to  InaulatMn  coat.  Kaatfno  ooata  will  ba  lower  alao.  if 
tha  giound  la  enow  eovared.  Id  both  eaaea  of  ineraaaad 
ineulation,  minimum  cost  will  occur  at  leylng  deptha  laaa 
than  O.S  m.  Ftom  a  pmctleal  point  of  view,  it  would  be 
unamtaUa.  howavar.  to  raduoe  Itaundetlon  depth  further. 


lESrnMITS 

In  the  eutumn  of  1060,  alx  houses  (for  about  2S  persons)  at 

Nattavara  were  provided  With  water  and  sewage  systema.  Tha 
l<!.3Bt  depth  at  which  a  pipeline  trench  was  laid  was  1.6  m. 
The  pipeline  Is  polytbeylene.  and  the  dimension  of  the  main 
pipeline  is  70  by  SO  au.  %rlth  tiiat  of  the  service  pipes,  28  by 
22  mm.  Tha  aawera  are  concrete,  and  the  dimension  of  the 
service  pipes  is  ISO  mm,  with  that  of  the  main  sewer,  22S  mm. 
The  plant  was  in  operation  during  the  winters  of  i960- 1961  and 
1961-1062,  the  intention  being  to  study  the  practical  oonaa- 
quaneea  of  a  reduced  foundation  depth.  The  reaulta  of  alaotile 
beattng  at  Nattavara  are  lUuitiated  in  Fig.  4.  Fnat«dwtfi 
variatlona  beneath  a  8naw.elaand  road  art  evident,  aa  la 
thawing  due  to  dltfirant  power  Inputa  In  the  giound  aunounding 
the  pipelines. 

In  order  to  mora  accurately  verify  Uiaoretleal  ealeuletlena 
regarding  tha  need  for  pipeline  heatlog  in  tesan  ground,  a 
raaaardi  atatlen  waa  eoMtnielad  at  the  water  weika  at 
OSlUvava  In  tha  aummar  of  1961.  The  intention  waa  to  atudy 
diffarant  mdhedt  of  haatino  to  diaw  texan  plpallnee,  aa  well 
aa  to  pravant  fraealag. 

The  plant  eonilata  of  tour  teat  oolla  (No.  1-4))  two  Ua  In 
anow*  coveted  giound  and  two  In  anow-ctoarad  ground.  Itor 
No.  1  (anow-elaaiad)  and  Me.  2  (aoow-oovatadi ,  pipallao 
teachea  eta  faadcfUlad  with  peat;  te  Mo.  3  (anow-elaaradi 
and  Me.  4  (anow-eovaradi ,  tmnabaa  aie  haricfHIad  with  tha 
original  wmtt/  wwMf/tUlf  awralna. 
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ng.  4.  PMM  dtpA  and  •nwr  ecvtr  at  Nattavm 


RESULTS 

Work  earned  out  at  the  test  plants  has  shown  that  the  results 
of  the  theoretical  and  experimental  studies  aijree  satisfactorily 
It  is  cor.ciuded,  ttierefore,  that  it  is  economical  to  place  plpe- 
lir.cs  of  the  kind  referred  to,  m  lro2<>n  ground  (s.o. ,  above  the 
irost  );n;t)  and  to  conpcnsdte  tor  h<!at  loss  which  causes 
lree/.ir>3  by  providiiiy  tilccttlc  heating  cabh-s.    The  economical 
laying  depth  (l.o.  ,  the  plpollnc- trench  depth)  Is  1.6  m  In 
Scindy/sllty  moraine  for  the  region  under  investigation.  In 
this  case,  the  power  input  required  was  approximotely  1  0  w/n 
in  •now-cleared  ground.    For  the  plant  at  NotlavAra ,  s.ivlng 
OlOunted  to  about  30%,  c-^lculated  on  cost  of  conventional 
OOnstruction. 

Thi«  calculation  is  b-^sed  on  the  normal  power  rate.  The 
experlRientai  investlij.ition  has  shown  that,  with  a  power  Input 
of  not  less  than  10  w.  m.  it  is  necessary,  during  most  winter'', 
to  heat  only  during  the  night.    During  winters  of  exception,' I ly 
deep  frost  (conblnatton  of  a  largo  freezing  index,  low  .mois- 
ture content,  and  unfavorable  annual  heat  balance  In  the 
ground)  ,  it  may  bo  necessary  to  supply  hn.3t  both  night  and 
day.    It  IS  assumed  that  water  will  be  taken  from  a  ground- 
water supply  or  from  a  lake  with  deeply  located  Intakes. 
Daytime  heat  loss  from  pipelines  Is  reduced  by  dissipation 
ot  heat  from  sewers,  or  by  excess  heat  supplied  by  the  heat- 
ing cable  during  the  previous  night.   In  each  Individual  case, 
the  balarxre  of  heat  from  the  pipeline  must  be  calculated  In 
such  a  way  that  no  freezing  occurs  in  the  daytime,  Durlnr; 
the  night,  the  heating  cable  is  coupled  to  an  automatic  timer, 
to  pemit  use  ot  th«  night  power  rate .  The  MvlDS  iMnUonad 
thus  will  be  further  increased  by  about  S%. 

In  rock  and  in  snow^overed  ground,  the  economical 
pipeline- trench  dapth  is  0. 7S  m.  In  thli  case,  aavliiaB  of  up 
to  50%  can  be  realized,  caleostwl  On  tha  bail*  of  ooaranUonal 
oon  o[  the  pipeline  trench. 

heat  producer,  heating  cables  Of  cUfforent  dlraen* 
•kms  can  be  UMd  or,  for  long  pipe  lengths,  ordinary  •iMtrtO 
cable.  In  dw  tottsr  case,  the  number  of  connection  points 
otiMfwls*  necossary  will  bo  considerably  reduced. 

In  a  sHOw^Mvered  tenrain,  the  use  of  a  heating  cable  la 
not  ra<)uired  for  main  pipelines  placed  at  a  1 . 6  m  depth  In 
the  kind  of  soil  discussed.  As  a  precaution  affsinst  future 
local  dealing  of  snow,  a  haatlno  cable  of  ordinary  alacuic 
eablo  oaii,  of  oouzaa,  bo  Installad  If  such  la  daaaiad 
appropriate. 

A  heating  table  can  also  be  used  to  thaw  frozen  service 
pipelines.  Bare  eondnoiors  of  copper  «rtilch  are  drawn  imo 


tho  water  ptpaltna  laay  plva  am*  rapid  naultBt  but  tlM  dta* 
advaniagaa  m  alonlfteam.  IbM*  eoaattt,  prlmlpally,  of 
dfffleiilttaa  aaaoeiatad  wMi  applyliig  a  bare,  umnattlatad 
coiidtwter  that  miat  be  eonnadod  to  a  ttanafonaar.     la  aeia 
advaatagaoua,  thatafara,  to  uaa  a  haatlna  eabla  that  oan  taa 
connected  dlraetly  to  fha  220  V  Una  of  tbo  buUdlno.  Iho 
power  input  Car  thsMMng  anitt  not  ba  baldw  IS  w/m.  The 
heatinB  pniforaUy  ahoiiUI  ba  regulated  by  thanaoaiatat  with 
the  taetlla  body  of  dia  fhsnwatats  plaostf  on  tfw  axtsiMl 
surface  Of  a  etnoff  valva.  Tho  vatva  should  ba  oarefully 
Insulated,  and  tha  thsmoatat  adjuatsd  to  atait  haattno  at 
± o*c.  Tha  adjuctoiant  la  aehlavad  by  oellbratlng  tha  tacttla 
body  of  the  thsnwatat  agatnat  malting  lea*  la  oidar  to  radvea 
the  risk  of  tree  sing  In  sandea  pipaa.  It  Is  Important  to  uaa 
welded  plastle  ooupltnga  imolar  aa  peailbia.  It  would  ba 
well  if  tta  CMMff  valva  waca  of  plaatle  aa  wall.  Haat  dlaat> 
patlon  ftoai  aanrlea  aawars  la  ot  giaat  impectaiMa  in  ladueing 
the  risk  Of  fnaslng  in  water  pipelines.  Therefore,  tliaaa 
plpelinaa  dionld  be  placed  close  to  each  other. 

The  supply  of  current  to  the  nwin  pipeline  heating  cables 
(power  li^ut  not  less  than  10  w/nO  should  be  thermostat 
regulated.  Its  tactile  body  should  ba  plaoed  at  the  most 
sensitive  point,  with  respect  to  fiost  depth  within  the  area  in 
<|ua8tion.  e.g. ,  on  a  long  stretch  of  roed.  Here,  the  tactile 
body  of  the  thermostat  should  bs  fastened  diametrically  onto 
the  outside  wall  of  the  pipeline,  opposite  the  heaung  cable, 
with  electric  adhesive  tape,  so  as  to  obtain  Insulation 
asalnst  the  surrounding  soil. 

If  points  in  the  remaining  part  of  the  plant  have  a  consider- 
ably greater  frost  depth,  the  heating  cable  should  either  be 
doubled,  or  the  pipeline  provided  with  extra  Insulation  at 
these  points,  so  that  the  rest  of  the  net  is  not  heated  for  an 
unnecessarily  lor^  time.   At  large  plants,  several  thermostats 
should  be  used,  each  independent  of  the  other. 

Backfilling  around  the  pipeline  should  be  done  with  great 
care  with  respect  to  Insulation,  preferably  by  using  m,iterlals 
with  a  constant  low  thermal  conductivity  close  to  the  pipeline. 
This  is  most  important,  since  the  power  Input  requires  for  the 
heating  cable  is  directly  proportional  to  the  thermal  condjctl- 
vi-.y  cf  -.he  surrour.dinq  material.    The  additional  cost  of  the 
backfill  [Tiatenal  selected  to  be  placed  close  to  the  pipeline 
should  then  be  compared  with  the  saving  nada  tnm  the 

reduced  need  for  power  input. 

The  tests  made  with  a  reduced  1 .  1  iri  laying  depth  and  peat 
backfill  have  proved  that,  to  the  extent  required,  peat  cannot 
prevent  frost  from  penetrating  into  the  ground.    Thus,  the 
additional  cost  of  peat  token  from  the  side  Liorrov/s  is  not 
counterbalanced  by  any  noticeable  sjviny  •■.        ■.•mod  with 
the  alternative  of  having  a  1.  6  m  laying  uepl;,  jnij  using 
natural  soil  backfill. 

At  the  plants  under  investigation,  water  pipelines  and 
sewers  rr.ade  of  polyethylene  or  concrete  have  not  suffered 
any  damage  as  a  result  of  frost- heave.    In  spite  of  the  fact 
that  the  ground-water  level  at  Nattovara  was  unusually  high 
during  the  winter  of  1961-62,  the  pipelines  do  not  r,ff:r;  to 
have  been  damaged  by  frost.    Kcrj.  inn  soil  Is  cU-:'-!'!i  :  as 
normally  frost-susceptible.    However,  at  high  grounu-v/,jter 
levels,  ever>'  precaution  should  be  taken  with  respect  to  soils 
classified  as  highly  frost -susceptible,  e.g.  ,  silt,  loax,  and 
loose  clay . 

Under  no  drcumstartces  should  rigid  pipelines  be  used. 
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ARCTIC  WATER  SUPPLY  AND  WIND  ENERGY 


w.  B.  PM»,  U.  8.  PttbUe  Health  «efvlea 


The  Elor/  of  attonpts  to  achieve  the  most  effective  marvagement 
of  heat  eneny  in  design  2nd  operation  of  arctic  water  systems 
Is  a  history  of  ".he  developnent  of  this  specialized  technology 
In  the  p^ist  nnd  at  the  present  tl.Tie.  enrjineers  have  ull- 
Uzea  various  means  a:  applying  hi-at  energy  to  n'.<ijnta;ti  w^tet 
In  Its  i.^uid  stale  undr-t  condiiion;.  ot  low  temperature  which 
wo.jld  normally  ca-Mi-  .1  <;hang<!  to  ih<-  soln:  state  dec). 

It  has  beer,  ronnon  pi  icllo-  to  .tIi:  h<-.ii  riircctly  t"  the 
water  .3t  the  trootmunl  pliiiit  01  pumping  5lJtion  and  transport 
1;  ir.  ihi-  water  throughout  the  distribution  systcrr.    This  13 
accomplished  by  steam  injectors,  heat  exchangers,  immeraion 
heaters,  and  by  raixirvg  with  warm  r;rouni:;  water  iZ  to  7]. 

Ano'.her  practice  is  to  establish  a  heat  envelope  around  a 
volume  of  water  to  reduce  the  rate  of  heat  transfer  to  a  sur- 
roundir/3  zone  of  lower  temperature.    This  technique  is 
illustrated  by  p^.icing  w.nterllnes  adiacen;  to  sewers,  by 
placing  steam  tiacer  lines  aajacent  to  water  mains  within 
utihdors.  by  installing  electric  heatmq  wires  adjacent  to  a 
house  service  line  surrounded  by  initiation,  and  by  using 
storage  reservoirs  excavated  from  solid  rock.    In  the  lr\Hc: 
case,  the  rock  absorbs  heat  from  warm  water  during  summer 
months  ]rd  returnG  the  heat  during  Wlntar  WhMI  MM  Wattr  U 
at  a  lower  temperature  '.4,  ft]. 

niectric  power  has  been  jsed  more  frequently  In  recent 
years  to  provide  heat  energy  at  stra;e--7ic  points  in  the  heat 
Dalarce  of  w.ater  systems.    Low  volta-je  electric  heatlrtg  has 
been  used  to  rri.-intain  temperatures  atxive  ireeziriq  around 
house  service  lines  and  to  prevent  freezing  of  v/ells  drilled 
through  perm.Hfrofit-  Lead- covered  and  pi astic- covered  electric 
heating  cable.-,  have  U-i-n  av.illable  Iron  i:Qmmi-irl,i  1  'iOurcO* 
for  s^Vf.ir-'^l  ye,5rs  lor  .jse  nn  nxp^iyerl  w.iter  pip<?s  scrviny  cJomi- 
ciltv;  or  f..ur:i  buildings.    A  rn.iior  .j[:van,t.i3f^  of  f.ertrlc^l 
htt.jtirvj  1  li  the  ''ise  wnh  which  heat  eiicrgy  can  t>e  mcidt- 
ova;iabje  when  the  prune  source  o(  energy  is  Ifirated  »ome 
distance  irom  the  point  of  heot-cncrgy  di>firlt.   The  greater 
expense  of  generating  electric  power  may  be  compensated  for 
by  the  convenience  to  the  user  and  by  avoidir/fj  heat  losses 
that  occur  when  heat  is  transferred  by  steam  or  water  systems. 

Keal  ener^iy  supplied  by  electric  pc-wer  is  commonly  besed 
on  the  use  or  petroleu.T.  products,  natural  .^as,  co.al,  or  hydro- 
el('i:tr)i:  I'neigy  to  gi-ni-rate  the  elecirii-ity .    All  of  these  ,»re 
[.:<imnon  soui-e:;  o[  energy  at  lower  latitude.*!;  but  In  ,Ti..'.ny 
areas  ol  the  Arctic,  supply  of  energy  by  natural  resouices  Is 
limitod.    It  Is  often  necessary  to  transport  the  erwrgy  fuel  to 
the  Site  of  the  water  system  or  to  use  oxtromoly  long  trans- 
mi  ssmn  lines.    In  both  instances,  costs  have  been  so  high 
that  electrical  energy  has  been  carefully  hoarded  for  such 
uses  as  lighting  and  pumping  power.    Generally,  it  has  b«en 
considered  more  practical  to  use  the  coal  and  petroleuin  fuel* 
to  produce  heat  directly  In  the  water  [2].    However,  In  such 
arctic  region*  as  the  northwestern  and  northern  coasts  of 
Alaska  where  fuel  shipments  can  be  delivered  by  ship  during 
a  brief  ice- free  period  only  and  transportaUon  cost  per  pound 
of  (uel  is  very  high,  a  local  source  of  electric  power  energy  Is 
oxtremoly  desirable.  A  major  source  of  su^  •Mrgy  that  has 
been  used  In  the  past  in  small  amount*  ferndiO  racaiVOTt  and 
household  Illumination  Is  wind  energy. 

The  present  status  of  the  technology  of  wind-(x>wered 
electric  generators  Is  impressive.  A  12S0  kw  windmill  genar- 
ator  plant  was  constructed  and  operated  in  Vermont  In  1941- 
4S  [9] .   Power  coat  was  only  S0%  higher  than  low- cost 
byikoelectilc  power  in  Vermont.  A  number  of  v'O  to  100  kw 
macfalnes  have  been  built  and  operated  in  Europe,  Russia, 
•nd  the  United  States.  In  19S7  a  200  kw  ac  wittdmiU  was 
erected  at  Gedser,  Denmark.  This  siaehlM  had  a  rator  diana- 
ter  of  80  ft,  equal  to  that  of  an  aarller  70  kw  do  aachJtw. 
Several  new  machines  with  a  maximum  power  output  in  hun- 
drada  of  kw  are  under  construction  in  France  and  Germany  [9] . 
At  a  patt  of  a  7-year  plan  for  devaloping  water  auppllaa,  the 
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US.SR  hopes  to  install  6S,000  wiryjmllls  for  pumping  water  llO]. 
This  IS  probably  a  direct  application  of  windpower  to  me- 
chanics of  water  hydraulics  rather  than  to  electric  power 
generation,  bat  it  remind-;  us  that  the  wind  h.as  long  heen  a 
favorite  source  of  power  (or  water  supply  system;:. 

These  examples  of  tested  windmill  generator .i  indicate  that 
energy  costs  competitive  with  the  more  common  methods  ol 
produclr^  electric  power  have  btjen  reached,  .-.nd  the  rotor  may 
be  compared  to  the  w.iier  wheel  as  a  producer  of  r-heap  e!«K:- 
trli-  er.i»rqy.    Utilizing  the  pow<T  output  Irorr.  winds  occurru'.g 
at  ranilom  times  cre.atet;  .3  prt>blom  in  electrical  jx>wer  networks 
!x'r.r.,se ,  for  econony.  all  energy  b'-cominy  available  must  be 
ofiectjvcly  used,    for  this  reason  the  electrical  power  indus- 
try must  find  a  nethcd  of  distributing  the  rantiom  power  auto- 
matically to  various  .oads  that  do  not  have  a  precise  time 
schedule  [  1 1  ] . 

The  heal  enenjy  requirements  of  an  arctic  water  supply 
system  should  provide  opportunities  for  .isln/g  electric  energy 
that  13  available  on  a  random  basis  according  to  the  velocity 
of  the  wind.    This  power  can  L»;  lrans^>orted  i>y  wire  transmis- 
sion iin«  and  convetteti  to  heat  energy  by  eletrtrlcal  resistance 
heaters  at  the  point  ol  heat  rleflcit.    Since  the  heat  energy  will 
bo  available  on  a  rantiorr  h.asis.  it  can  best  be  stored  as 
follows: 

1  .    Stor-age  reservoirs— The  addition  of  heat  to  reservoirs  at 
tile  lowest  depths  will  enable  the  storu  ;o       the  heat  (or  days 
and  possibly  weeks  depending  on  the  geometrical  shape  of  the 
reservoir  and  the  msalation  at  the  surface. 

2.    House  service  lines  — Heat  coiuld  be  dissipated  into  the 
material  surrojndiri^  the  house  service  pipes.    If  these  pipes 
are  surrounded  with  material  having  a  high  thermal  capacity, 
the  added  heal  will  be  essentially  stored  for  dissipation  over  a 
tine  period  when  the  wind  Is  providing  little  ot  no  heat  energy. 

i.    Wells  through  permafrost— Heat  could  be  used  to  o 
limited  degree  m  wells  through  the  p^rm.afrost  layer,  if  csre 
Is  observed  to  control  the  maximum  temperature  wlthm  the 
casing  to  avoid  thawirrg  of  the  frozen  zone  in  the  vicinity  of 
the  well  casing  where  artesian  conditions  exist. 

4  Waste  disposal  systems— Heat  could  also  be  utilized 
tor  the  waste  water  lines,  tanks,  and  waste  treat.menf  units 
assoct.ited  with  inilividual  homer.;  or  housing  developments. 

5.  Ho;JL;ehr)hl  storage  t.anks— In  those  instances  where 
water  Is  delivered  by  tank  uucli,  heat  could  be  added  10  the 
household  storage  tank  and  thtia  reduc*  tke  heat  load  OR  the 

domestic  heating  system. 

6.  Distribution  reservoirs  — Heat  can  be  stored  by  periodic 
electric  heating  of  water  in  Insulated  distribution  reservoirs. 

A  significant  consideration  is  the  fact  that  in  the  Arctic,  major 
heat  losses  occur  in  winter  months  during  periods  of  high 
wind  velocity.  At  such  unes  a  maximum  production  Of  heat 
energy  could  be  expected  from  wind  rotor  generators. 

The  amount  of  heat  energy  that  con  be  extracted  from  the 
wind  is  directly  related  to  the  electrical  power  from  the  wind 
lotor  generator.  This  has  been  calculated  [iZl  aa  toltawa: 
The  power  (Ft  in  a  wind  stream  can  be  expieaaed  by 

P  =  j  p  UV)     =  I  p  AV^  (1) 

where  p  la  denalty  of  air.  A  la  etosa- section  area  of  air 
airean,  and  V  la  velocity  of  air. 

The  power  (f)  can  be  calculated  in  kllowatta  If  eaitaln 

conditions  are  asau.'ted. 

P  =  ^  p  AV'  (2) 

P  is  energy  in  kilowans  per  hour,  p  la  density  of  air  at  stand- 
ard velu^  of  1.201  g/M^  (at  •  boiometrlc  pressure  of  1000 
niUlbara  and  390°  K) ,  A  la  ooaa-eectinnal  ana  of  the  air 
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•traam  In  iq  ft,  and  V  la  valeelty  e(  lit*  «lr  ttraaB  la  alias 

par  hour. 

The  rotor  cannot  extract  all  available  energy  froiD  the  wind: 
the  traction  that  eaa  ba  axtiaotad.  calUd  tba  powar  oo*((letam 
{<y ,  haa  a  OMClnnaa  valaa  of  16/26  or  $9. 3%.  MachanleaJ 
loaaaa  and  those  in  oenomor  and  control  gear  reduce  the 
ovsfall  powrer  ooafflclant  Cp  to  4M  or  less  i  1 2] . 

Of  course  the  wind  driven  oeneralor  depends  on  the  wind 
eharaeteilsUcs  of  the  site  and  the  operetlng  range  of  wind 
speeds  ehoaan  in  dealonlns  the  aia^ilne.  A  velodty-duratlon 
eunra  fsr  the  alta  can  be  dkawn  bom  the  aieswiied  hourly  wind 
speeds  and  9lvaa  the  nunbar  of  hours  of  the  year  during  whleh 
the  wind  equals  or  ancaads  any  selected  value .  The  powat> 
duratton  curve  la  obtained  by  cubing  the  ordlnatei  of  the 
velocttir-duntlon  curve  tlSJ. 

A  eursoiy  review  of  tte  wealtwr  records  fot  Batrow,  Alaska, 
provided  br  ttm  National  Wastbsr  Records  Canter  C  lal  tor 
IMS  to  1»M  tndleales  a  naan  wind  speed  of  10  tn  14  aph; 
37»ef  theobeeiVBttonawenlntfieianveof  19tB24  mph. 
The  appraxlnate  enem  available  at  selected  wfnd  speeds  is 
lUustiated  by  TsUe  I. 


Table  I.  Wind-driven  eledrle  generator  (rotor.  SO  ft  die.) 


Wind  Speed 

Power 

lew  at  40% 

(moh) 

(kw)a 

•tu/hour 

10 

9.8 

4 

13  640 

15 

33. 1 

13 

45  025 

20 

78.5 

31 

107  105 

25 

153. 1 

61 

20B  750 

30 

257. 1 

103 

3S0  650 

'Caleulated 

A  SBiell  distribution  reaaraoir  senrliig  eight  4»famly  apait* 
awnta  dealffned  to  ooMsIn  a  244iour  supply  would  have  a 
volune  of  8000  «el  baeed  on  M  (al/day/eaplia  and  flva  bmsi- 
beis  for  eeoh  fsaiUy.  IMs  Is  equal  to  1000  euft  or  M  JOO  lbs 
of  water.  The  enemr  (Xsble  A  fmot  a  wind  of  20  aph  would 
supply  appfOKUaately  107,000  Btu/how  or  suffleleat  heet  to 
false  the  tenpoialure  of  tfie  water  In  the  vesoivolr  one  deoree 
m  less  then  one  he«v.  If  adequate  Inaulatloa  Is  provided  for 
the  distribution  laaanelr,  the  aajec  portion  of  the  wind  energy 
ahould  be  available  lar  adding  boat  to  t»  eeoBal  oialn  distri- 
bution Una.  die  eeninl  eupply  reaervoir,  house  setvlee  lines, 
and  the  weela  diapoaal  syetems . 

The  quantl^  of  beat  flowing  through  e  metsrlal  can  ba  cal- 
culated by 

where  Q  Is  heat  loss  m  Btu/hour,  K  Is  coefficient  of  thermal 
conductivity  in  Btu/hour/sq  (t/°F/ln.  ,  t  is  In  °F,  T  is  in 
hours,  d  Is  In  Inches,  and  a  Is  In  square  feet. 

0  =  600  Btu/hour  (rom  (3)  if  a  reservoir  of  1000  cu  ft  Is 
constructed  as  a  cube,  insulated  with  the  equivalent  of 
Styroioam  plastic  to  a  thickness  of  6  in. ,  and  the  following 
conditions  are  assumed:  Wind  speed  equals  sera  at  Ae 
exterior  surface  of  tank  insulation  due  to  a  wind  screen  wall; 
t|  la  40^F,  reservoir  water  temperature;  tj  is  -20°r,  outside 
elr  toapsrature;  K  is  0. 10  for  plastic  foam  Insulation 


(assumed):  a  is'area  of  cube  surfeoe  (000  eq  tit  end  d  is 
thickness  of  Insulation  (6  in.). 

Under  these  conditions  a  wind  speed  of  10  mph  (Table  I) 
would  provide  sufficient  beat  to  replace  heat  losses  irom  the 
reservoir,  and  iSm  balanee  of  about  13.000  Btu/hour  eould  be 
used  for  the  aparisient  aoiviee  Uaes  and  waste  disposal 
systan. 

A  distribution  rasaivolf  eonsmwled  to  serve  es  a  heat 
storage  device  and  to  adequately  serve  adjacont  apartstenta 
would  need  certain  diaraetartstles.  These  should  Include 
excellent  Insulation  audi  as  Styrefeam  plastic,  aaxlnust 
voluaie  per  surisee  area  ratio,  alafaaua  lenoth  of  aaivlee  Unee. 
and  a  continuous  low  voluow  supply  Una  tha  ayatea  aouroa  lo 
prevent  ftaexing  of  the  Uias  supplylno  this  distribution 
reservoir. 

The  CoaM  nation  of  wlnd-aneivy  electric  power  and  oontln- 
uoua  flow,  ttntlm,  aaln,  osnlral  supply  systeas  (having 
Insulated  dlatrtbutioo  leservolrs  that  are  sunounded  by  sovetal 
epartsNsit  unttd  appears  to  be  a  practieal  appioatih  to  nodem 
bousing  and  water  supplies  In  aietle  eoaaunltles. 

The  uee  of  wind  eoeigy  for  pievldina  heat  at  landon  uaes 
can  be  cocsdlnated  with  the  heat  stenoa  eapaMUtlea  of  this 
watsr  sup^  aystaa.  The  diatrtfautlon  faaamoir  concept  oen 
permit  cooUnneus  flew  through  the  sieln  distribution  system  to 
prevent  beeaing  of  the  aalne  without  wasting  high-cost  water- 
The  saall  insulated  distribution  raservoiTS  placed  In  the  cen- 
ter of  e  cluster  of  aportaent  units,  ixDvlde  Ore  protection, 
beat  storage,  and  sUnlaua  length  of  bouee  servlee  lines. 
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THE  HESS  CREEK  DAM 


E,  F.  RICE,  Unlvwslty  of  Alaska 
O,  W.  alKKWI,  U.S.  Anny  CRRBL 


OeeaalDMlly,  bi  dMwlopIng  iMt«r  eeltoetlM  pu^Mt,  d«M 
nuMt  t»  plaoed  ovw  pinMilrost,  Wban  )»bcad  ni  Mtarlal 
wbleh  would  be  utiMable  or  unduly  penneaMo  If  tlw«md,  well 
deas  nuet  heve  ment  of  mintelnlna  luMreeslnv  tenpera- 
turas.  Thia  paper  eonearaa  only  dteie  dana  wheae  atablUty 
raqnlree  frosen  foundatloa  aMHrlal,  and  particularly  MfWa  to 
the  Heai  Creek  Den. 

Expartono*  In  the  WeaMin  Hemiipiiere  with  dana  on  fitasen 
ground  la  quite  United}  ateet  Mieh  atnietairaa  have  been  anall 
divnraion  dama  built  of  tmood  or  aiatal,  tvhoaa  poaalble  failure 
would  not  cause  aattenalve  downstream  danger  or  danege ,  The 
Haaa  Creek  Dam,  near  livengood  In  central  Alaaka.  la  one  of 
the  vary  few  atsaable  earOi  dam  over  bwllt  on  fToaen  material 
In  thia  hemtaphare* 

The  Heaa  Cieek  Dam  la  toeated  at  N  65* 30',  W  14a*23< , 
near  the  headwaiwa  of  iha  South  Pork  of  Heai  Creek,  a  tribu- 
tary of  the  Tuhon  Uwar  CO  •  Mean  annual  air  temperature  la 
about  -4*C  aa  derived  from  a  6  yeer  record  et  the  Weedier 
Buraeu  Office.  It  wae  dealgaed  and  buUt  to  divert  weter  from 
Hie  Heaa  Creek  waMrahed  lo  gold  mining  areaa  In  the  valley 
of  the  Tolovana  Rtvar,  ttKOttob  •  hintiel  aiicaveted  to  firoaen 
■lit  and  gravel  near  the  upsMam  and  e<  the  raaervolr.  Pig .  1 
li  a  aehenatic  ptar.  of  the  project. 

A  brief  hydrologic  study  was  mada  to  ensure  that  sufficient 
water  wcis  c^v^i'Libie  and  to  detsnnine  re<iulred  storage  and 
spillway  co(.ii:;ty. 


Table  I.  Statistical  summary 


Reservoir  vohime 

9.S(10)  em 

Dam  height 

34  m 

Crest  length 

48S  m 

"FlU"  volume 

3.«S(lCl^cm 

flurftce  area  of  reearve 

)ir      154  heetarea 

Waterahed  aiee 

8000  hecrtarss,  80  eg  km 

DBSICSN 


Designed  by  W.  A.  Kraner  In  1939,  the  dam  was  begun  as  a 
conventional  hydrauUc-fUl  structure  diat  was  to  be  kept  fromn 
by  a  coolant  etrculatlng  within  the  dam  Itself  and  by  exposing 
die  siruetwe  to  winter  weadMr.  Per  die  latter  purpose,  the 
reservoir  was  to  be  emptied  oaeli  (all.  and  kept  dry  throughout 
die  winter,  allowing  the  wtnisc  nwathar  to  augment  cooling 
from  the  circulating  aystam  [2], 

It  was  believed  that,  after  oonatroetlon  waa  oompleted, 
artificial  eoolbig  of  die  dem  oould  be  dlscoatbiued,  sinoe  the 
maas  of  die  dam  la  almilar  to  d»l  of  ttw  iOROundbig  land, 
wbleh  ramauia  froien  peremitelly  uadsc  natural  eendltlona. 
Dapandlag  on  aurfhoe  cover,  terrain,  exposure,  and  mean 
annual  temperature,  peimatest  could  exlat  to  a  depth  of  about 
61  m.  Artificial  iraeitng  baa  now  been  discontinued.  Current 
studies  by  die  Alaska  PleM  Station  of  dw  V.8.  Army  CRREI. 
are  expected  to  reveel  the  Inlsmal  lemparaiures  of  Mae  dam, 
and  to  assess  the  need  for  eontlnued  ertlflelal  liremlng  In 
similar  stnictures. 

The  dam  U  typical  of  hydraullc-fUl  sirucloras,  In  that 
oosrse  material  predonlnatee  In  the  outer  portions  of  the  cress 
section,  with  a  less  persieable  core  toward  die  dsm  center.  A 
atael  sheet^le  cutoff  wall  %na  placed  In  a  alaam-thawed 
irench  along  the  eenterline  of  the  dam's  oera,  ensuring  keying 
and  bonding  of  the  fli:  vvf.h  tho  underlying  material  [3]. 

Through  thi-  u.isc  uf  the  dam  Is  a  steel  pipe  1  .46  m  In  dla . , 
whose  Inlet      cn-,tro.iiMj  by  a  gato  valve  ;>^«irate:l  by  a  hydrau- 
lic cylinder  .t-.d  protoctt-d  by  Ar.  ordinary  •.r.ish  rack.  Th« 
dcwristrcairi  o.-.d  of  t.hls  ou'.let  siulcc  fii^'C  dischjrgcs  intc  a 
covered  wooden  flume  2  m  square  and  about  IS  m  long.  Out- 
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Pig.  1.  Soheaiatlo  plan  of  project 


flew  then  disehsrgea  into  die  sMambed  dewnatnam  from  die 
dam.  Thia  ahiloaway  la  designed  to  drain  the  reaarvoir  er  to 
oonttd  Ita  aurfaoe  elavMlea. 

For  flood  peaesge,  a  splUwey  channel  was  provided  to  the 
right  feaeO  «f  die  dsm.  It  wes  exoavated  aa  a  plain  earth 
diannel  widi  a  wooden  praiaellwe  apm  and  a  atael  sheet  pUa 
CBloff  well  nesr  its  downstteaa  end,  where  it  dlacharged  into 
e  natural  tributary  valley  of  Hosa  Creak.  (In  1962,  failure  of 
die  spillway  control  apron  by  uaderscorlno  caused  the  spillway 
tAMnnel  to  erode  to  s  depth  averaging  12  m  below  design  ele- 
vatMn  after  which  the  reservoir  was  abandoned  [ 4 ,  S] .) 

At  the  southern  end  of  the  rsservolr,  near  the  divide  loading 
to  the  Tolovana  watershed,  a  tunnel  was  driven  through  frozen 
gravel  and  frosen  organic  silt.  Within  the  timbered  tunnel, 
now  abandoned  and  collapsed,  was  plaoed  a  wood -stave  pipe 
1 .08  m  in  die.  to  convey  the  atorad  weter  to  placer  worfclnge 
near  Livengood. 

CONSTRUCTION 

Stripping— Initial  plans  to  start  stripping  the  site  and  begin 
construction  in  summer  1940  and  con;;jleii;  the  ijroject  L  y  f  ,11 
1941  [  2]  were  not  realized .   Work  wau  haltrd  corly  ;n  14^.' 
and  not  resumed  until  spring  19<]6  .if.ur  "Jic  end  o!  ■>v.Tli 
War  II.  The  project  was  compiotcd  by  tho  end  of  sunner  \^4b. 

Stripping  ol  overburder.  (consisting  of  veg-j'-j'-iin  ,  organic 
silt,  ice,  and  other  debris)  to  a  depth  approaching  12  m  was 
done  hydreuUcelly.  ualng  alreema  of  water  boa  hlgh«praaaura 
nossles. 
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Cutoff  Wall— Upon  stripping  to  foundation  level,  a  cutoff  %raU 
wat  mada  by  driving  6.S  in  steel  sheet-piles  Into  a  steam- 
thawed  trench  In  the  frozen  material  beneath  the  central  core 
of  the  dam.  The  trench  was  refrozen  In  the  winter  of  1941  by 
Circulating  a  coolant  in  pipes  buried  near  the  cutoii  wall, 
wtalcfa  wat  JmUU  aalnly  during  th*  iravloua  ertnMr. 

Cofferdams— At  each  toe  of  the  dax,  cofferdams  were  built  wr.h 
mechanical  equipment  up  to  abcut  13  n.  .ibovc  the  Iqwcs;  p.irt 
of  the  stripped  area.   Through  thcat-  colfordams,  betwoon  which 
hydraulic  (111  was  to  bo  placed,  a  wooden  sluiceway  was  pre- 
pand  to  divan  tha  atnaM  diKiag  Qaaamictloa. 

Fouridjtior.  —The  ground  was  stripped  to  Inorganic  allt,  which 
is  underlaid  by  gravel  10  to  12  m  thick.  Below  the  gras^el  Is 
chert  be'drock  [6]  .  Gravel  showed  laHrattoaa  fUM  UP  10  SM 

of  its  gross  volume  with  Ice  C '/] . 

To  ensure  bonding  and  prevent  .'urming  n  slippage  plane 
beneath  the  dam.  the  base  near  thr  toes  (as  well  as  odjaccint 
to  the  cutoff  wall)  was  refrozen  r.ipldly  by  circjljtintg  a  flu;d 
through  3.8-ctn  Iron  pipe,  spaced  in  parallel  rows  2.5  m  apart 
and  burli'd  beneath  the  fill.    During  winter  whe.i  the  atr  leiri- 
pcrature  was  below  freezing,  Sto<idard  Solvent  was  used.  This 
proprietary  petroleum  pjrjduct  (a  mlner.il  spun  of  high  (Icish 
point,  tow  vUcosUy,  and  low  freezing  point  with  <i  specific 
heal  of  about  O.S,  and  specific  gravity  about  0.78)  was 
puinped  through  pipes  In  a  circuit  that  Included  two  oirays, 
each  90  m  long  ,  of  26  similar  pIpOB  aiTangad  ObOWO  i 

•ervlng  as  a  heat  exchanger . 


Hydraulic  Fill— In  early  1941,  equipment  was  installed  to 
sluice  material  from  adjacent  iKjrrow  areas  Into  the  dam 
eriiL  ir:y.i:iir,'  .   As  In  most  hydrou  llc -1  111  projects,  flU  material 
was  watorbome  through  pipes  that  discharged  at  the  Inrser 
edges  of  the  shoulder  of  t.he  rlsl.",g  dam.    Upor.  .lettUng  of 
fill  material  of  the  central  pool,  excess  water  was  diatned 
away  through  a  centrally  located  vertical  pipe  which  was 
lengthened  periodically  as  the  dam  grew.  This  sort  of  opera- 
tlun  as -.u-'-.:--;  'hydraulic  sorting"  of  materials,  leaving  coarse 
and  fret! -draining  material  at  the  outer  faces  of  the  dam,  with 
fine-grained  material  settling  nearer  the  central  afOB  Of  IhO 
dam,  forming  a  relatively  Impervious  core. 

Shoulders  of  coarso  material  were  shaped  with  a  tractor  to 
aasur*  that  they  remained  level  and  higher  than  the  oanml 
9en  pool.  rig.  2  ahowa  adMaatlcaUy  tha  apptoxlnato  aonaa 
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into  which  the  material  may  be  divided.  Obviously,  there  Is 

continuous  grading  of  one  zone  into  another,  and  no  sharp  dis- 
tinctions exist  between  gravel  of  the  outer  shell  and  silts  and 
clays  ot  the  cote.   R<icofds  are  inconclusive  on  the  need  if) 
auymcnt  imos  in  the  core,  but  probably  line  material  was 
^jep.irdteiy  added  to  the  pool  froa  altt  found  on,  eradiaoani 

to.  rcquLir  borrow  areas. 

'■Vher.  work  was  suspended  durlr.a  the  winter  of  1941,  the 
hydrauhcolly  pl-jced  shoulderii  were  lA  t.  high  at  the  upstream 
race,  IC  m  nigh  3t  tne  dowristream  face,  and  13.5  m  high  in 
the  core  zone.  At  this  stage,  construction  halted  until  sptrlng 
Of  1«4». 

Rolled  r ill  —The  reirioiriing  till  Ir,  ihe  d.-,:n  ,  nbinii  \  'J  n:  high  and 
64,000  cu  m  in  volume,  was  mochar.icjlly  pl.iiced  cir,d  com- 
pacted during  the  s..intnor  of  1946  by  standard  niethods  for 
rollfid-flll  dams.   Work  was  begun  late  enough  l.n  the  season 
to  encc'uritet  thawing  Irj  the  core.   Considerable  difficulty  In 
equipment  c:p<-ratlon  was  caused  ijy  Uquefactlor;  of  the  core 
matericil,  which  was  fini-gr.nned  ...nd  w.33  •i.^tur.iled  with  .m 
accumulation  cf  water  from  rain  and  ar.ow  of  previous  Tionlhs. 
As  a  result,  several  vertical  pipes  ir.ter.dcd  for  .-nor.ltorlng 
temperatures  throughout  the  mass  of  the  dam  were  lost  or 
destroyed,  und  a  v.-iludble  cpportunity  foi  studies  of  heat 
transfer  tliri:ugh  smls  of  known  chAracterlstlcs  w,h3  loit  [5]. 

Materials— Nine  sell  samples  from  sever,  test  shafts  were  sub- 
mitted to  Pacific  Hydrologic  Laboratories  (Sa.-i  Francisco, 
Calif.)  fCK  labi.):ati^y  tests.    Tests  l:K:h.dfrl  specific  griivlties. 
mlneralogic  composition,  gradotlcr.  (mechanic..!!  ar.d  hydrom- 
eter), settling  tests,  shear  strength  of  representative  shoulder 
material,  and  densities  of  material  as  hydrauUcally  deposited 
and  representative  of  outer  shoulders,  beach,  and  core. 

Soil  minerals  were  hard  angular  rock  fragments  of  white, 
black,  and  yellow  slUcaoua  chert  with  grains  of  quartz,  chal- 
cedony, Jaapar,  and  other  siliceous  minerals— all  with  ar. 
adhering  cover  and  adaixtura  of  yellow  finea  consisting  of 
■and,  silt,  and  clay  alaaa.  Uguid  and  plaatic  limit  taata 
were  not  run. 

Soils  from  borrow  pits  ranged  from  allt,  near  the  surface, 
to  skip-graded  silty  sands  and  gravels.   Sand  and  gravel  from 
0,02  to  0.2  mm  were  deficient.  A  shear  test,  o.".  beach  xate- 
rials  passing  No.  4  screen  and  larger  than  0.04S  mm,  showed 
a  coefficient  of  internal  friction,  tan  t  -  0.86,  Indicating 
adequate  slope  stability  lor  thia  material  whan  placed  to 
daelgn  contours  [>]. 


Table  II.   Soils  deposlieil  from  water  .'*ui;pH!nyi:;n  values 
adop:tt>d  Irir  design  LBJ 


Location 

PoroeltvVol.dU 

Shoulders 

1.60  (drained) 

40 

Beach 

2.00  (drained) 

36 

Core 

1 .68  (saturated) 

rig.  2.  riaa  and  typical  olsvatlon  of  H*sa  Cfeok  Dan 


OPERATION  AND  PERFORMANCE 

No  serious  problems  were  encountered  in  opoiation  or  perfor- 
manoe  of  the  dam  structure .  Seepage  Of  abMt  0.21  OM  m  per 
sec  was  (airly  constant  throughout  tha  summer.  Saapaga 
water,  flowing  dirough  opan^radad  material  along  the  aieel 
sluice  pipe ,  proved  clear  and  harmlaaa . 

Shrinkage  cracks ,  similar  to  temperature  cracks  In  hlginimy 
fills  during  cold  waatliar«  appeared  In  top  and  downstream 
faces  of  the  dam.  Possibly  they  also  existed  in  the  upstream 
face,  but  the  rlp^p  protactlan  eHOctlvely  disguised  tbem. 
Wherever  enoouatered,  these  cracks  wera  band-encavatod  and 
backfilled  with  Impervious  soil,  to  avoid  leakage  and  oonse« 
guent  damage  to  the  crast  of  the  dam.  Obaoivabia  eraeks 
extended  only  about  3  m  down  from  tha  surteoa. 

TWO  minor  alldaa  appeared  at  the  haae  of  the  upsiroam  faoe. 
near  the  cofltodam  conatructad  during  IMO.  Iba  sUdea  wsra 
observed  after  the  raservolr  emptied  eiAeequent  to  eplllsmy 
failure.  They  dM  not  appear  to  have  been  active  raoently. 
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The  cause  for  the  (ailjre  l.s  u:ik:.ow:i,  l.iil.'it;r  .ir..i iysls  must 
await  proposed  studiej.  (liy  U.S.  Army  CRRKI.  A1.5L;ka  Tlold 
Station,  rairbanks)  which  should  revcai  cor.dltior.s  withir.  jr.d 
beneath  the  dam.    Small  slides  arc  not  considered  prcjuaiclal 
to  safety  of  liie  Jam;  Lhoir  anomalous  presence  Tjay  bo  a  synp~ 
t  ;iT.     diiueaa,  howev«r,  perhapa  iiecause  of  lemporary 

I  t  (oundAtion  maMrlal  mom  after  iniUal  filling  of  tba 

rc  survrjir . 

Although  pro)ect  men  br-heved  that  the  dam  was  frozen 
throughout  or  would  eventually  become  so.  such  freezing  did 
not  occur  greatly  during  the  6-year  Interval  from  Initial  con- 
stnjctinn  (o  completion,  nor  lor  some  time  thereafter.  The 
uni  on.(  loffd  dom  settled  over  0.5  m  during  the  years  from 
1941.  when  hydraulic  fill  was  placed,  to  1946,  when  the 
tolled-  fill  top  was  placed  ['ij.   From  1950  to  1955,  the  com- 
pleted dam  settled  another  meter  (Fig.  3),  This  settlement  is 
con*Utef«d  typical  for  unfrozen  hydraulic-fill  dams;  fewslns 
has  not  ix^t-n  <»  f  actor  In  retarding  settlement  ClO]. 

In  Vi-iKt,  t.-irii.  r.!i„r<'  pr allies  indicated  that  the  core  of  tltt 
dam  had  cooled  from  ihi'  lh°C  of  conalructlon  lomp«ratura  to 
n^C,  near  the  liase  ol  ihi-  djm.  Monthly  mean  IcmperaUna 
for  lune,  luly,  and  August  ore  14°,  li" ,  and  12°C,  respec- 
tively. No  present  evidenoa  ahoifs  OM  fcaazlng  had  taken 
place  in  that  region,  ihongh  low  lemperainies  ln«Ucate  little 
or  no  thawing  of  foundation  allta. 

SrUXWAY  DCSTitUCTION 

The  spillway  was  not  adequate  (or  continued  operation  athlgll 
flowe.  In  spring  1962,  wataralied'runoff  overfilled  Hw  reser" 
voir  and  flowed  In  the  spillway  channel  to  a  reporlad  deplii  of 
about  a  netar.  This  inevitably  caused  gulley  afoaion  whara 
watsr  dliohargad  into  Haian  Gulch.  Subsequent  haadwwd 
axMnilon  of  the  gully  quickly  undarmlnad  the  weodaa  tipton 
and  atael  abaet-plla  cutoff  well  (Fig.  4) .  Iho  wlUwvy  OOB- 
orol  works  were  destroyed.  Oulleylng  oonUnued  upstream  bite 
ttie  reservoir  Itself  sad  dlsdiarged  the  storsd  water  tlvough  the 
now  oonplaialy  arodsd  spllKvay  ehannel.  Elevation  of  channel 
is  now  about  316. S  a. 


S«rfact 


Man  fistdi 

in  a 


Fig.  4.  Froflla  along  aplllway 


lag  of  tba  tunnel  to  an  open-out  section  waa  reqniiod  to  oon- 
tlnua  operation  of  the  wooden  pipe  within.  Thawliig  also 
exiandad  radially  outward  from  Ilia  tunnel  to  frosi  l.S  to  3  ■ 
eausteg  tfoubla  espaelally  where  the  lunael  pammisd  araas 
of  previously  Ansan  auporsaturatad  arganle  silt  [6]. 

During  whitara,  whan  Oia  saaatvolr w«a  eaiptlad,  the  luaaal 
was  exposed  to  cold  air  to  lofkwese  Oie  Aswad  portlona.  Evan 
dtls  OBuaed  trouble,  because  tnst-hmva  In  auRoundlag  silt 
aKisnad  sufficient  presatce  to  fccaak  the  allla  upward  and  dia 
ODhous,  Inward;  this  Invttad  eoUapaa  and  raquliad  periodic 
ntimbanng .  Various  attempta  %»ara  nada  to  anal  the  maaal 
against  leakage  outside  the  pipe,  and  to  protect  It  from 
caving,  wttli  only  temporary  success.  The  tunnel  baa  aow 
largely  caved  in  and  haa  been  abandotted  tot  tta  past  llva 
years  [4,  5J . 

SUMMARY  AND  CONCLUSIONS 


OUTUT  WORKS  FAILURE 

At  the  resiirvolr  head,  whert-  wiicr  was  deil'/urod  '.Mr  ugh  a 
tunnel  to  plocer  workings  m-  ir  l.ivengood,  Ihcru  w.i  j  .^  history 
of  ■r'?r!inuod  tisjblc  includins  suc  cessive  f  jilures  and  subse- 
quent high  maintenance  costs.  A  schoxj'.ic  sor-.!on  along  Ihc 
tunnel  axis  shrws  the  general  .3n-a:-.':;eT;er;t  of  the  outlet  works 
(Fig.  S)  . 

Near  each  tunnel  end,  thawing  caused  caving  o(  earth  over 
die  portal,  in  sons  oases,  "dayUghting"  or  ooRweilva  opaa- 
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Fig.  3.  Settling  of  Bess  Craak 
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According  to  available  facts,  earth  dams  are  acceptably  stable, 
even  when  founded  largely  on  frozen  ground  of  poor  quality  and 
near-thawing  temperatures.  No  problems  assail  the  dam  struc- 
ture itself  that  are  not  common  to  all  earth-fill  dams— »?xcept 
thai  perhaps  greater  maintenance  attention  is  required  tor  dams 
In  aavara^  ooM  lagloos  diaii  is  necessary  tai  < 
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Fig.  S.  longltudliial  proClla  through  outlet  tunnal 
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Fig.  6.  Gervsrai  view  of  Hess  Creek  Dam  from  the  west  borrow 
area  showing  eroded  spillway  channel  in  the  background 


Stability  of  a  dam,  however,  does  not  apply  to  control 
works  and  spillways.  The  dam  of  Hess  Creek  was  little  or  no 
trouble  after  completion,  but  the  outlet  tunnel  was  a  source  of 
constant  trouble  and  expense.  A  more  careful,  possibly  more 
expensive,  design  of  outlet  control  works  than  this  one  is 
necessary  for  reservoirs  built  in  permafrost  areas.  (The  high 
cost  of  mainialning  the  tunrwl,  however,  was  not  the  main 
reason  for  the  virtual  abandonment  of  the  Hess  Creek  opera- 
tion: Low  gold  recovery  and  financial  difficulties,  of  which 
tunnel  maintenance  costs  were  but  a  part,  resulted  in  the 
decision.   Major  failures  occurred  after  this  decision.)  For 
such  works  ll  appears  basic  for  future  designs  to  ensure  that 
structural  integrity  Is  not  affected  by  either  the  presence  or 
absence  of  frozen  ground.  Where  frozen  stability  Is  essential, 
artificial  refrigeration  must  t>e  considered. 

Spillways,  In  particular,  must  be  built  as  if  the  ground 
were  orodable,  whether  or  not  it  is  frozen  at  time  of  construc- 
tion. To  keep  either  a  spillway  or  any  active  aqueduct  per- 
manently frozen  is  both  expensive  and  troublesome.  Where 
outlet  works  are  built  with  material  whose  stability  depends 
on  its  frozen  condition,  considerable  ingenuity  In  design  Is 
required  to  ensure  success  and  economy. 

Construction,  use,  and  abandonment  of  the  Hess  Creek 
D«in  demonstrates,  therefore,  the  following  observations: 


(a)  Dams  may  t>e  founded  satisfactorily  on  frozen  ground, 
even  where  ground  temperature  is  near  the  thawing  point . 

(b)  Outlet  and  water  control  works  require  both  careful 
design  and  regular  maintenance. 

(c)  Study  of  the  general  problem  of  heat  transfer  through 
soils  of  varying  composition  helps  establish  criteria  for  future 
designs . 

(d)  Permafrost  need  net  be  considered  a  ma/or  deterrent  to 
the  building  of  dams  CH.  12] . 


Fig.  7.  View  upstream  in  eroded  spillway  channel.  Flat  center 
area  is  at  original  elevation  of  the  spillway  apron 
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WATER  WORKS  SUPPLY  SYSTEMS  IN  PERMAFROST  AREAS 


CHMOES  8MR6ENT.  Vntvsnlty  of  MUkM 


Abundant  t.oXa[j.iJ  water  Is  necessary  to  comfoit.iLK:  living  lit 
any  cnvironmem;  a  population's  health  .i<-(j<-nds  on  pure  water 
(or  all  doiTiBstic  uses,  and  almost  any  modorn  icidnstry  uses 
■•vjtor  ;n  c^ua r,t;ti I'S  f         tci  or  oxcoodlng  the  tonn.i'y'.'  of  Its 
pro  luct-    C;vu;zation  cannot  thiivc  where  an  adequate  supply 
of  goo  1  .vjtor  cannot  br  made  available. 

In  about  one- fifth  of  the  land  area  of  the  world,  the  ground 
ren-j:r.3  ut  a  temperature  below  the  frcczina  point  of  water 
throughout  the  year.    Wl^ere  such  a  condition  exists,  the  area 
.s  classified  as  a  permafrost  area  Inthla  papSTi  nffaRlIaas  Of 
whether  ice  exists  In  the  ground. 

Industrial,  commercial,  or  domestic  hablt.'i'.ion  of  perrr.a- 
trost  areas  requires  special  consldftrdtlori  ot  w.it(>r  s-ipply  and 
d;'itribiit;on  (.iol;|ivns  Ix-yonu;  Ihci5<!  m'c<-ts.iry  in  more  tem- 
porat(3  am 5.    T>if  w.3t<-7  source  T.ay  b<-  Irozcn,  water  may 
freeze  in  the  iistnl-utinn  syr-torr. ,  or  both.   Available  water 
may  be  of  such  poor  ^  ..ility  th.jt  spec!."' I  conditions  must  be 
considered  for  its  treatment-    The  jv.31 1.3 bi hty  ol  .t  •.v.iiter 
supply  may  be  the  greatest  single  factor  In  selecting  com- 
munity alts*  m  iwnMfnat  araaa. 

WATER  SOUnCU 

P'jin-i_i'ifn:t  arcas  have  the  s.^n'.f  n.itur.il  .■■.ourceg  of  water  as 
Other  areas,  but  msy  have  iJditioni^l  sources,  m  the  form  of 
icc.  unava;l.in.t'  c; -.fA'.'r.-r*^ . 

Fresh  v.-2tor  streams  are  a  jx'ssible  source,  but  usually 
lartje  str'?3ins  are  silty  because  of  norrr..3l  •rrosion  or  glacial 
action;  sn.ill  streams  may  freeze  coTipletely  .irid  ce.ise  to 
flov.'  :n  the  •/-•inter.    Impouni::rr.er,t  of  slrc^rrs  cjn  crejte  :5',*iet 
water  for  desilting  by  seciT.entation  or  for  incroasins  ihe 
depth  to  ?.llow  viait^t  '//ithcr..-',v,i I  below  the  Ice. 

Natural  lake.is  t.hat  have  an  ample  supply  of  good  wutcr  are 
a  good  and  prevalent  source.    Shallow  lakes  have  the  same 
disadvantage  as  small  streams  and,  in  addition,  may  oecome 
brackish  in  •//inter.    Formation  of  sn  jce  cover  results  in 
freezing  nut  ot  dissolved  salts.    N.it-r.il  l.ikes  ir.  high  lati- 
tudes, fccc.3use  of  long  hours  of  sunlight.  to  bt-torr.e 
highly  organic  with  algae  and  peat  rr.oss  therefore,  browrj 
water  is  often  found  In  natural  l.jkes      the  F.ir  North. 

Ground  water  is  available  in  permalrost  .ire.i'j  where  frost 
depth  is  not  too  great.    Quality  In  these  ^■^:Jlo^.5  is  extremely 
variable:  the  water  is  very  apt  to  have  a  high  mineral  oontant, 
orgaiUc  content,  or  both;  water  may  have  dissolved  methaM. 
hydrogen  sulfide,  and,  sometimes,  even  oily  scums. 

The  reason  for  such  highly  contaminated  water  is  probably 
the  frost  itself.   Alluvium  may  be  frozen  in  blocks,  permlttirtg 
water  to  enter  from  the  surface,  but  blocking  the  exit  because 
of  frost.   Water  has  been  found  perched  above  frost,  high 
above  the  base  rock  of  the  area. 

Along  the  coast  of  the  Arctic  Ocean,  ground  watar  In  tha 
liquid  state  has  such  a  high  saline  content  that  it  tUya  liquid 
•t  much  below  the  nonnsl  fraeslng  point;  thia  walar  aiay 
provide  ftre  |NOtactlon<  but  It  la  not  adaqnato  for  donaatlc 
uaa. 

Highly  contaminated  water  usually  has  a  low  pH  Indicating 
that  acids  have  been  leached  frox  the  organic  atetarlBl  o(  the 
auifaca  which,  in  tum.  panaits  taking  avallsUo  mlnonla  In 
tha  aoil  below  into  solution.  The  lack  of  movement,  dua  to 
fnat  blocking ,  permit*  acidic  ground  water  to  remain  in  con- 
tact with  tha  minerals  for  great  period*  o(  time,  providing 
vary  long  oontact  periods  for  leaching. 

lea  and  anaw  fiom  gladara  and  icecaps  may  be  tha  only 
iource  of  watar  in  aene  northern  raglons  such  as  Greenland. 
Iheae  aetoeoa,  when  «veilaUe<  are  ample  and  quality  la 
nearly  alwaya  good.  The  enarvy  needed  to  conveit  thaaa 
aoixGOS  to  uaable  water  la  high)  only  when  cheap  fuel  la 
•vatlabi*  would  aueh  a  aouiee  be  advtaabie  for  e  aettlemont 
of  aiqr  aiaO' 
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■.v.iter  ::,  ni-MaVs  a  possibility  when  other  sourci^s  an- 
fcr  ,iv,iil.ibii».   The  energy  requirement  for  convorsion  j 
oxtreraely  high  jr.J  the  conversion  equipment  nccrssotj.  w.-^,..d 
make  5e.erti<in  of  another  source  hiyhly  advisable- 
Water  from  included  ground  ice  is  arvother,  tut  ver/  remote, 
f<r3s:b,e  source  of  water  in  permafrost  regions- 

Wh-stever  the  water  source  may  be  in  northern  regions, 
treatnent  /.ill  probably  be  required  for  clarification,  sterlU> 
zauon,  mineral  and  hardness  removal,  and  decoloration. 

WATER  EXTRACTION 

In  pcrm."ifrost  ioufi.  '//.^ter  is  taken  from  corr.xon  sources  ir. 
the  u5u.:il  m.innor  by  pumps  and  gr.5vlty  systems;  special  c.irc 
IS  n««<j«d  to  keep  ''quipment  free  from  Ice  ond  freezing.  The 
problem  is  usually  so^.red  by  .1  comliin..ition  of  heittnB«  loau* 
Inting.  and  judicious  location  oi  facilities. 

Water  t.2<Gn  from  ice  and  snow  requires  n.eltiny  v.ats  .and  a 
heat  source.    Since  such  systems  are  normally  smali,  equip- 
ment Is  usually  expedient  and  crude.  The  water  produced  Is 
usually  stored  at  home  in  makeshift  containers,  built  from 
whatever  la  avellaUe. 

CONTHMINAKTS  AHO  TREMmCNT 

Water  in  permafrost  areas  invari.ahly  nee.l  som.e  treatment  to 
assure     safe  .5nd  .:s,3ble  5  .pply.    V/atet  that  contains  patho- 
gens IS  nov/  rathe:  r.are.  rr,.t  settlement  Of  the  larKl  will  create 
increasing  hii-ar-is-    Other  contaminants,  while  not  all  detri- 
mental to  hurr-an  health,  are  unsightly  and  cause  staining  of 
clothing,  plumbing,  and  even  of  human  skin.   Boilers,  water 
he:iters .  and  piping  BIO  Often  dsBwood  beoauee  of  Blneral 
contaminants. 

Slit  '/*hich  i.t  found  m  l.irge  4L.,intities  in  water  of  ql-ici-il 
streams  ctn  h*-  tre.jted  ny  st^ir.d.-ird  methods.   A  .sy.ttem  that 
permits  ptesettling  ot  heovy  p.ar!ir:les,  flocculatior.  and 
settling,  filtering,  and  subsequent  chlorlnation  can  produce 
potable  water.    Sometimes  these  waters,  after  clarification, 
still  contain  high  quantities  of  color;  if  go.  breakpoint  chlon- 
natlon  and  secondary  filterlr>g  can  be  used.    Because  of  the 
problem  of  preventing  such  a  system  from  freezing.  Its  high 
operating  cost,  and  the  prevalence  of  other  sources,  the 
necessarily  large  plants  of  this  type  would  seldom  be  used. 
A  possible  solution  is  impoundment  of  streams  wherever  large 
deep  sites  occur,  permitting  natural  desllUrvg  and  oxidation 
to  remove  color  and  suspended  matter. 

Oi^anic  color  is  a  common  contaminant  in  permafrost  areaa 
due  to  the  many  peat- filled  lakes  and  tha  algae.  Simple 
mechanical  filtration  and  ion-exchange  systems  may  help, 
but  do  not  completely  solve  this  problem.   Oxidation,  which 
is  one  answer  to  decoloration,  usually  need*  huge  doses  of 
chlorlna  and  long  detention  times.  Chlorine  doses  of  20  to 
2S  ppm  and  detention  aa  long  aa  eight  days  may  be  required 
to  remove  color.  A  plant  able  to  treat  any  large  quantity  of 
watar  thia  w«y  would  be  eoewoaitcally  unfaaaibla  for  any 
sett  lament}  ogeln,  releeation  or  a  dlOafem  water  aourco  would 
be  a  better  course- 

Watar  from  ground  beneath  permafirost  or  eontained  in 
permafrost  usually  has  a  high  ndneral  content.  Weiis  in 
Alaeka  war*  tasted  where  Iron  content  ascceedod  300  ppm,  and 
calcium  carbonate  hardness  was  as  high  as  1200  ppm.  Such 
waters  may  also  contain  organic  color  and  dissolved  nitrates, 
as  wall  as  dissolved  methane  and  hydrogen  aulfida. 

Iron  can  be  readily  removed  by  several  metfaoda:  Aeration, 
pH  incraaeOi  flooculation  and  aediiaentatlon.  or  oonfalnatloiie 
of  these,  feUowod  by  mechanical  flllratlon.  flomatlmea, 
where  iron  oontent  la  vary  low,  Iran  can  be  raaovad  by  Iohp 
exchange  aystems.  but  linn  oontant  hero  ahouM  not  OMeeed 
4  to  $  ppat. 
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OlasolvBd  99t99  ara  tmmvmi  fey  aaratloa  with  conildtoraUc 
•uooess. 

Adjustment  of  itH  can  IM  md*  by  addluQ  Uim,  aoda  ath.  or 
esuctlc;  Ujm  It  good  tn  tba  vwy  celd  mtsra  of  pwmefimtt 
ngto«t  bacauM  iti  ■oluUllty  li  gmtar  In  eoM  wstar.  How- 
war,  iMBttna  Uaa-tMatad  watar  any  eauaa  pneipltatlon  and 
danaga  to  lioUara  and  punpat  and  Una  alao  ineraaaaa  haid- 
itaaa.  Sxcaaa  Uma  can  ba  femovad  with  CO2.  but  In  aaiall 
inatallattona  auch  traatnant  la  vaiy  oxponaiva.  todluai 
hydrDKtda  (eauatld  la  aneallant  lar  pH  adJuatoMnt  aa  It  alao 
aoftana  tha  watar  oonaldaraUy;  earn  abould  ba  uaad.  bowwar, 
aa  tha  eoneanlntad  dmoileal  ean  ba  dangarout  and  It 
•xpanalva. 

Walar  can  ba  aofianad  by      Uaia-aoda  aah  proeaaa  fbr 
laiga  quanutlaa  and  by  lon-wnchaat*  aynama  for  raiall  quan- 
titlaa.  Ham  uaa  of  Imi-ancbange  aeftanara  ean  ba  anpanatva 
baoauaa  of  Ugh  txanaporiatian  eoat. 

Wham  giDund  watar  eontalna  nttntaa,  thara  la  no  praetteal 
twatnanu  auA  watart  ahouM  ba  avMdad  aa  thay  ara  vary 
detdjoental  to  health. 

Ml  ground  water  In  tha  paraafitoat  raglon  aha  old  be  chlorl- 
natad.  Chloilne  daatreya  any  axlatlna  pathogana  and  praventt 
auch  contananatlen:  It  alao  alda  raoieval  of  otter  eontaaUnanta. 
Breakpoint  ehlortnatlen  and  flltratlon  genanUy  feaiowe  all  iron 
and  oiganle  matter,  and  aoaiatlaiea  chlorine  awy  be  the  only 
chenleal  needed.  Exeeaa  chlorine  ean  be  reawved  by 
aetlvated  earfaon  fUtera.  if  naoeaaaiy. 

Depending  on  tempamtura  and  denlentton  Uma  raquirad, 
aevanl  floeeulaUng  aganta  can  be  ueed.  Iron  eenUlned 
naiucaUy  In  watar  aiay  be  auffldent;  alum  haa  been  uaad, 
aa  haa  fanlc  aulfat*.  aetlvated  alUea,  and  ceaibtaatiena  of 

Ground  weiar  In  permaboat  raglena  la  entienely  VMlabto. 
Walla  e  few  fa«t  ap«rt  either  herlaentally  or  vaitieally  ahow 
enttene  changea  In  qu«lity  of  mtar.  Ihera  la  no  atandaid 
melhod  of  traataent,  even  for  a  anall  area,  becauae  of  the 
variability.  Eaeh  aowee  ahould  ba  exandnad  and  tested  by 
acmaone  qualified  to  dealgn  a  ayatan  particularly  adapted  to 
the  altuatlea,  or  nuch  laoney  can  be  wetted  for  equipment. 

WAnX  nORAGE  IN  PZRMAntOST  ARBA8 

Due  to  the  probabtUty  of  .'roozing,  watar  atoiage  In  penaaftoat 
araea  It  alweyt  a  problem.  Whatever  ayatam  la  uaad,  apeoial 
oonaldaratlon  of  thennal  oendltlona  niutt  ba  made. 

Impounded  water,  such  as  reservotra  behind  dama  and 
natural  lakos,  can  be  used  effectively  If  certeln  precaution* 
are  taken.  Fraaalxia  depth  mutt  be  contlderably  lata  than  the 
total  depth  of  the  reservoir  to  aaaura  adequate  ttorage  beneath 
the  ice.  In  moat  habitable  areaa,  thla  twould  not  exeeed  10  to 
12  ft,  uiually  less.  Outlet  workt  mutt  be  deaigned  ao  that 
water  it  alwaya  drawn  from  the  unfrozen  region,  and  prevlalon 
muat  be  aiade  to  pamUt  reawval  of  any  ice  that  any  fona  in 
tha  outlet  ayeleet.  Heating  or  meehanleal  devleea  may  have 
to  be  provMed  at  raaeiveilr  eutleta.  Outlet  also  meat  be  leive 
to  oiaintaln  eapaelty' 

Elevated  tanfca  in  areai  where  neen  ennual  taaipanture  la 
below  freeaing  muat  ba  dealgnad  and  operated  to  prevent  eoni- 
piete  (reeaeup.  Tanka  may  be  heavily  Inaulated  and  have 
added  beet  to  jbrnnnt  fteealng.  Ihe  aaaie  treatatent  muat  be 
applied  to  ateadplpea. 

If  alao  elevated  tenka  almply  ea  a  device  to  provide  head 
and  peek  loed  water  la  not  adviaabla.  Water  ahould  be  attp- 
pUed  continually  to  Ihe  tank  and  eaad  from  the  taiAt  to  reduce 
expoaura  time  to  a  ailntaHim.  Ihta  raqulrea  aepaiate  atipply 
and  aeivloe  llnea  to  Ihe  tank.  Ihe  raeaonlng  la  efewloua: 
Water  expoaed  to  the  oold  §et  only  a  ahort  tlaie  la  leaa  likely 
to  freese  than  If  It  la  axpoaed  for  a  longer  time.  If  aup^y 
tempeietnre  la  only  a  few  degreea  above  flraeaing  point, 
enough  heat  wiU  ba  supplied  to  prevent  e  well-lntulated  tank 
tnn  fleeting.  A  large  volume  of  water  raqulraa  conalderaUe 
tine  and  a  raithar  lew  teatparatura  to  fiteaee  coaiplet^y— 
becauae  of  high  latent  heat.  If  elavwtad  tanka  ere  bnllt 
evarelae  to  aoooauaodata  tome  loe  and  are  well  inaulated, 
artificial  beat  aiay  not  be  required  to  prevent  oonplete 
fieeslng* 


Watar  atorag'e  in  tanka  undaivnund  la  poaalble  in  penna- 
flroat  ateaa ,  pertleularly  in  aonea  where  ground  temperaturo 
la  near  fireailng.  Becauae  of  tha  high  latent  heat  of  watar, 
a  eonaiderabte  heat  losa  oan  be  tolerated  before  change  of 
atate.  If  the  aupply  la  a  few  degreea  above  fraeilng  and 
contlnuoua,  a  large  reaetvoir  tends  to  bulM  up  a  heat  aupply 
around  itaalf  by  raising  (he  tenperature  or  even  thatving  pei^ 
mafrost  near  the  walla;  this  beat  la  tiien  available  to  prevent 
lieeslng  within  the  reaanolr  Itaelf .  In  very  cold  ground, 
arutlolal  heat  nay  be  requind  until  a  heat  reaeive  la  ealab- 
Uthed.  Meat  supplied  m  the  awnmar  may  ba  retained  well 
into  the  Winter  because  of  low  beet  tnnafer  rates  through 
froaen  ground,  tahapa  aolar  heat,  eolleetad  dwlng  the  year, 
ean  be  mode  available  to  keep  underground  water  aystema  from 
freeaing. 

In  9anenilt  a  storage  ayttem  for  weter  ahMld  be  large  ao 
ttet  beet  Im  the  water  Itaelf  help*  prevent  fireealng.  Bxpeaad 
raaenrotrt  should  amply  allow  for  lea  accumulation,  and  watar 
wcposed  to  aunllght  ahould  be  Ireatad  to  prevent  algae  growib. 

DISTOBUnON 

Water  distribution  In  permafrost  areas  It  probably  the  most 
important  phase  of  the  system.    The  quantity  of  water  within 
the  lines  is  small  compared  with  the  surface  exposed  to  cold 
temperatures.    Burying  lines  below  frost  Is  not  possible  a* 
permafrost  often  extervls  to  great  depths.   There  are  several 
ways  in  which  distribution  con  be  done  effectively:  UtlUdors 
or  tunnels  can  be  built  underground  for  all  utility  distribution 
tn  a  community.  Abova-grourvd  utilidors  can  be  built  but  these 
tend  to  Interfere  with  traffic  and  communication;  constantly 
Circulating  water  systems  can  be  used  and  insulation  It  not 
necessary.   Tairbanks,  Alaska,  where  ground  temperetwea 
are  only  slightly  below  freezing,  has  a  circulatirtg  system 
and  a  provision  to  aiqjply  waste  heat  from  a  power  plant. 
This  system  iunctlona  very  effectively  and  little  or  no  heat 
is  required,  even  though  water  la  but  a  few  degreea  above 
freezing . 

In  Anuvik,  NWT,  Canada,  an  above-ground  uliiidor  is  used. 
Ihese  he.>vily  Insulated  boxes  carry  alt  utilities,  and  tpedal 
provi.'^ion  If.  made  to  cross  streets. 

Several  military  beset  In  Alaska  have  underground  utilldort 
providing  all  utility  dittilbtttlen— even  sewers;  although  ex- 
pensive, theae  ductways  ate  very  efficient  and  provide  great 
maintenance  aavlnge  as  they  permit  ready  access  to  ell 
utilities,  tn  some  cases,  they  provide  pedestrian  pettege* 
ways  during  inclement  weather. 

A  system  of  wooden  utiiidars  has  been  designed  for  None, 
Alaska.  Itt  aruficial  environment  prevents  the  water  dlttflbu- 
tien  aystem  of  utuidors  from  freezing.  Such  syttemt  uaually 
oany  power,  ataem,  and  tonwtimes  tewer  distribution,  and 
may  eerve  et  protected  walkway  t  (or  traffic  ao  the  entire 
coat  doet  not  beve  to  be  charged  off  to  weter  dlatnbutlon. 

Utllldora  oanylng  aeveral  utllitiea  ean  use  up  heat  that 
might  othanrite  be  waated.  If  utlUdors  earty  sewers,  seeie 
beet  la  alwaya  watted  with  the  sewage:  this  atay  be  enough 
to  prevent  fteeslng.  If  central  heating  la  uaad  and  etilidort 
carry  atean  and  eendenaate  lines,  heat  loasaa  fimm  ataam- 
llaea  nay  be  nora  than  aufilclent:  it  aiay  oven  be  naoeaaary 
to  Inaulale  wateiUnea  to  keep  the  water  eeol .  Bxtracrdinary 
praeautlona  muat  be  nwde  In  utuidore  oanylng  eewera  to  pre* 
vent  eroaa  oonnectlona;  aoaie  systeois  oany  tewera  below  the 
utllldor  floor,  ratter  than  Inalde,  to  maintain  aanitaiy 
conditions. 

Utllldor  ooaU  are  high  Initially  aa  emavatlon  la  extenalve; 
ooncrote  costs  will  be  high  In  the  pemafkeat  raglona  until 
eeaient  planta  are  located  In  the  Car  northern  araaa.  Metal 
utilidora  should  be  cheaper  than  concrete ,  but  ettemate  Uda 
by  oontraetora  do  not  bear  this  out. 

If  UtlUdors  ara  to  ba  built.  It  la  false  economy  to  make 
ttam  aaiaU.  Height  should  be  enough  to  permit  a  man  to  walk 
tiptlght,  and  width  ahould  be  great  enough  to  provide  aU  fore- 
seeable utilities  and  atill  leave  room  to  work  en  Unea.  Fre- 
quant  aceaaa  ahould  be  made,  end  knockout  panels  ahould  be 
provided  at  aU  aslaratt  changea  to  permit  installation  and 
rennvel  of  long  pipe  lengtta. 
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Circulatln;  systems  of  erjte  in  frozen  ground  by  virtue  of 
he.il  carried  into  the  Qrc'.;rd  by  the  .v-iter  itsell.  and  careful 
design  cf  these  systems  is  r.ecessjr,'  to  prevent  dead  spot! 
where  water  may  rem.nr  stationary  iong  enough  to  freeze. 

Circulation  cost  ahculd  t>ot  be  high,  as  velocities  need 
only  be  grf>,it  e:>CLijh  to  prevent  freezing.  Temperature 
recoru.  r;;  n:  trM.tvi  t  .u-  ir.Jit  ate  whon  hoat  must  tx^  added 
or  wheri  excessive  ho.il  hi-;  tx"><jn  (tddfd.    Cir.'rulj'.tlnq  sy^K^ms 
should  require  more  heat  '.vlit-T.  first  m.a  iILmJ  txMj  -.ua>?  is  long 
as  w<]tcr  Is  flowing,  huot  is  being  oddod  lo  :;uiroijnding  per- 
mafrost.  A  system  that  requires  heat  to  got  st.jiitod  m.Ay,  afMT 
a  few  years,  require  no  heat  at  all  to  kcfp  m  nj-ntinn. 

Connections  from  a  circulating  systcn  to  ,j  user  cjn  ilso 
be  made  circulating  by  installing  a  return  line  from  the  service 
to  the  main  and  by  creating  a  head  loss  in  the  main  by  an 
orifice:  the  return  can  also  serve  to  brir\g  a  smalt  amount  of 
heat  into  the  system  from  the  user's  building.   Double  main* 
c«n  alto  be  used.  In  general,  •iwugh  •xpwleno*  has  d*- 
vvlopad  In  the  design  of  dlstrlbuUen  tystMM  to  usum 
oonfldence  in  their  operation. 

Special  precauuons  must  be  taken  In  frozen  ground  to  pre> 
vent  settling  or  heaving  of  structures.  Some  soils  exhibit 
laige  magnitude  settlaments  on  thawing  and  may  heave  con- 
siderably on  refrsezlng.  Here,  utility  lltMS  placed  either  in 
or  above  ground,  are  subject  to  movement.  Movement  must 
Im  ooMtderad  in  daslgn.  Annual  ground  movement,  due  to 
bvwtag  and  thaiwlng.  is  greatest  at  ground  surface  and 
redueas  to  miD  at  penaafnat  surfaea.  Permafrost  thawing  in 
fin*  soil!  uivaMy  eavMt  •  wibMdaiiea.  and  refreezing,  a 
iiaavlna.  Coaraa  tolls,  sueh  as  gn«*l  and  sand,  exhibit 
llttia  clian0a  iaveluma  durliig  fraoBlng  and  thawing  while  fina 
■and  and  silt  uadavgo  vwaitoM  chango.  Namoval  of  tha  frost* 
suseepUbltt  soil  and  raplaeaaMM  ytUh  tho  noofrost*  iuicaptlbto 
■atarlal  nay  ■OBatlnas  bo  naoassaiy  to  swlMaln  stability  of 
llna  and  grada  of  utllltlas. 

If  subsidence  is  antlelpetBd,  NttUdon  or  plpallnss  can  be 
BUfipartad  on  piles.  They  alnvM  be  placed,  Mven  or  drilled 
In,  to  a  depth  below  poselHa  Hmw.  Maletiee  oonimit  of  soils 
Is  also  important  In  tlie  rote  of  thaw  and  freoeo  and  llw  aaounts 
of  settling  and  heave.  Woik  is  in  piogiese  to  deiemlne  the 
interrelation  of  these  faetort.  but  reUable  design  data  Is  not 
yet  available. 

KEOUIREO  RESEARCH 

to  nore  adequately  design  water  systems  In  permafrost  aooei. 


theie  ahould  be  tuilher  MSMUch  in  ievafhl  araaa: 

(a)  Thermal  prop^irtles  of  soils  should  be  sf^died  to 
determine  heat  exch,Hnge  values  under  vsrloiis  conditions. 

(b)  Heat  »ouk:<-s  such  as  the  sun.  wri.ite  from  power 
plants,  etc.  .  .3nd  economy  of  us<'  should  he  evaluated. 

(c)  ContJmin.3nt5  in  pcrTiialrosl  w.itt-r.i  shOUM  bO  IdOS* 
titled  and  their  ellects  on  humans  stuaiea. 

(d)  Most  effective  and  economical  rr.r-thods  Of  tnStillB 
permafrost  waters  should  be  iscrrtoined. 

(e)  Construction  materials  and  rrothoda  thould  be 
ascertained  with  respect  to  ecoramy. 

(0  Desalination  research  should  oonttnua  %Hlb 
emphasis  on  aietie  appUcaUons. 

In  general,  water  tunply  ahould  be  studied  from  an  arotle 
engineering  viewpoint;  the  mate  Impeitetlon  of  ideas  and 
wMboda  ikoai  tenpemte  loneo  with  satpedlent  awdUteatloiit 
does  not  always  fcovlde  the  awst  effective  nor  noat  eoonowl- 
eal  solution  to  anglnaarlnB  proUens  in  pemalkost  regions. 

Length  reatrlotkme  do  not  perodt  a  detailed  list  of  the 
utnrstura  or  of  Hut  various  prebieou:  detailed  studies  have 
been  preeenled  In  reports  of  pi«|eets  ■eatlensd  here,  Ihe 
Bnelnnailiie  todsat  gi«**  touloe*  of  the  detailed  npofte. 

Mention  dboidd  be  niede  of  Isolated  ^stame  tbel  eepp^y 
only  one  or  vary  few  hottses.  DeUvaring  potable  water  to 
elsteme  nay  be  Ae  nwst  eoonoertcel  anthod  If  e  relleUe 
aourae  nnd  doUvaiy  ■ystam  Is  avellaUe.  The  cost  of  drUUng 
wells.  Inetnlllng  pim^s,  and  providing  tnetnMnt,  often  swlces 
the  indlvlduel  syslatt  very  OKpenslve. 

The  poeslbUlty  of  padMgenie  conlnniBallen  eonttiMies  to 
giew,  beoauae  of  the  IncnealiiQ  poyulatioa  in  northern  ereee. 
making  the  Indtvldual  syslan  a  eoBUDuelly  inenealnB  Hih. 
Adequate  tseetsient  of  Indlvldiual  supplies  la  difncult  ea 
eouroee  vary  treatly,  end  treebseot  systems,  lo  be  adequate, 
muet  be  designed  for  each  souk*. 

Providing  w«tor  eystsms  In  peimeliQst  arses  is  not  dlffleuK. 
High  cost  of  water  systests  in  northern  rsgloas  eie  not  due  ae 
mudi  to  permafroet  as  to  the  lack  of  ecooomleel  treneportatlon 
•nd  iBbe*  end  the  gnat  distances  Aon  the  source  of  equlpHwnt 
■npply.  W«Mr  wMsnis  In  pemaftMt  regions  ^idd  be  envl- 
neered  by  aictte  metallats  or  consullanu  should  be  latatnedl 
ovMdetlgn  of  a  systan  to  prevent  fteeslng  has  been  the  rale, 
rather  titan  die  eNoeptlca.  by  engineers  inexpeileneed  In 
penaafroat  worlt« 


SANITARY  AND  HYDRAULIC  ENGINEERING  IN  THE  ANTARCTIC 

M.  I.  SASSANI.  U.8.  Departnant  of  the  Navy 


Safe  and  adequate  water  supply,  sewage,  and  waste  disposal 
systems  are  as  essential  in  the  Antarctic  as  elsewhere.  Ten* 
pereture  is  the  principle  varlam  distinguishing  sanitary  and 
hydraulic  engineering  in  antarctic  installations  from  (hat  used 
in  other  regions-  Low  temperatures,  together  with  snow  and 
continuous  high  winds,  result  in  a  changed  exhlUtton  of 
certain  common  engirworing .  physical,  chemical,  and 
biological  principles. 

Biological  and  chemical  reactions  are  retarded  and  the 
physical  state  of  f.uid,  snil.  rr.i't.jl.  p  I  rjtics,  ind  ;.ih'-i  cidte- 
rlals  Is  appreciably  dllferoni.    Solubility  (of  ijases  in  liquid), 
humidity,  heat  transfer,  and  other  physicul  phenomena  are 
affected.    In  general,  all  cheTilcal  reactions  used  In  envL'on- 
nieni  il  ■■.::,Uul,  S'..f(i  a;:  oxUiaUuii.  ti'iluirtlfii ,  c  oa  g  u  la  tl  in , 
soluiJihty,  v..  pnr  i7,.i  I  inn  ,  .i-d  prccijiitatii^n  art;  retarded  by 
lowering  Lhe  terrij  >  r.j lure  3  .   A;  low  temperatures  Uif  oxidation 
of  orgtinic  material  is  slo-.vr  d  ajfiroclably .  Tcmpcratiirc 
affects  coagulation  and  filiratioii  In  water  and  sewaji-  tre  jt- 
ment.   Research  has  shown  that  the  polar  envlronnuint  may 
preserve  rather  than  destroy  bacteria  and  that  adsqUBta 
sanitary  environment  Is  a  necessity  [Ij. 
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Meat  cenaarvntlon.  humidity,  light,  twlldtog  and  operating 
ceate  and  efficient  uee  of  materials  and  msounes  are  tnpor- 
tent  hi  antarctic  sanitary  engineering.  Flaaataig  mist  be 
thorough,  worknanahlp  good,  tolsranees  snail,  and  safety 
factors  high. 

racUlty  requireaeiala  for  atatlMS  in  die  Antarctic  are  based 
on  two  dlftsrant  site  condltlone— ooastal  on  pamafrosi  and 

Inland  on  the  icecap,  below  the  aurfaoe. 

Coastal  stations  are:  McMurdo  Station.  located  On  Hons 
Island,  about  100  ft  above  sea  level  and  about  820  miles  from 
the  South  Pole;  Cape  Hallett  Station,  about  1200  miles  from 
the  South  Pole:  and  Wilkes  Station  on  the  Knai  Coast,  about 
1620  miles  from  the  South  Pole. 

Inland  stations  on  the  Icecap  are:  South  Pole  Station;  Byrd 
Station  in  Maria  Byrd  Land,  aksout  700  miles  from  the  South 
Pcie;  .ind  cights  st.>tion,  in  BUswcrth  Wghland.  at)out900 

miles  from  the  South  Pole. 

In  the  past,  most  camps  were  or.ly  terr.porary  and  Wiitcr  .ind 
waste  dl3p<>3al  were  not  considered  a  probleTi.    Little  America, 
:he  first  M-niif.e.-ni.i:.f:it  base,  established  by  Admiral  Byrd  In 
1928,  did  not  Include  special  ptovUlons  for  waste  disposal. 
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other  Chan  lor  comfort.  Stations  built  (or  the  International 
Geophysical  Year  (IGY)  Progran  Ouly  19S7  to  December  1958) 
had  only  lh«  simplest  and  moat  primitive  wator  and  sewer 
toelllUas.  Slnoa  they  were  designed  for  only  a  3 -year  life, 
costly  and  elaborate  utility  aystama  %vere  not  warranted .  Sta- 
tlana  on  Hia  Icaoap  hava  had  llttla  dUflculty  collecting  ctoan 
•now  tot  makbig  wlthoat  «ohi9  ton  far  fkon  the  site ,  wheteas 
the  alatfaM  on  panaatewt  ancountamd  groat  difficulty  In 
obtahihig  daaa  amwr. 

comiRucnoN  noouM 

Iha  selantffic  progran  In  Antareiloa,  bagun  under  the  IGY,  la 
balng  contlmiad  en  an  iniamatlanal  basla.  Tha  Vnliad  Staiaa 
Antarctic  Raaaardi  Pngraai  la  under  tha  dlrectloo  at  the 
Katfonal  Selanoa  Foundation,  bi  eanfunetlen  wldi  ihlt  pra- 
9nm,  lha  Vntlad  Stalat  It  oontliMiliiig  lo  oparata  four  ttatloaa 
whtah  «Mia  butll  for  tiaa  durina  tha  ISy.  Ihaaa  ataHoaa  an: 
South  tola,  MoMutdo,  lyrd.  and  Capa  Hallatt.  Iha  Vmtad 
ataiaa  alao  oparetea  aawaral  faclUttes  (Uttla  Jtaaerloa,  Wllhea. 
and  laardaiPta  aiailena)  cn  a  Umltad  oad  IManDltlant  haatt. 
to  addition  to  thaaa  acUvltlaa.  Clohta  Station,  an  air  trana- 
portabia  aelantifle  atation.  waa  aatabUahad  in  XUaHNirth 
Highland  during  tha  auauaar  at  lM2-fi3 . 

to  tha  original  plannhig  It  ma  thought  that  lOT  fastttttaa 
«NMild  faa  afaandonad  at  tha  and  of  tha  lOy  Fmgcsai;  Owlr  daalgn 
and  oonstruotlan,  tfaoroforu,  ma  haaad  on  Ala  pranlaa. 
■eviaad  odastona  and  iaenased  aoopa  of  tha  aoteattfle  pngram 
hi  ncant  yaara  have  nnda  Chaae  (aotlltlaa  Inadaquala  to  loaia 
nspoots. 

BFreCTS  OF  AMTARCnC  BHVmOHMENT 

Climate 

Construcllor.  at  the  foUciwing  sites  la  confined  to  the  months 
of  October  through  Mari:h.    Maximum  averagi;  wind  vo Icc ity  •^t 
McMurdo  Station  Is  65  mph .  Average  monthly  velocities  and 
temperatures  are  as  follows:   McMurdo  Station,  ll.S  mph  and 
13 .0°F;  at  South  Pole  Station.  12  rnpb  and  -31T;  at  Byid  St«- 
uon ,  14  nph  and  -4*F;  at  Capa  Batlatt  Slatloa,  10  atpta  and 

19"?. 
Daylight 

Continuous  daylight  exists  at  McMurdo  from  late  October  to 
lata  February.   During  this  time,  favorable  weather  and  ground 
conditions  permit  around-the-clock  operations.  From  late 
February  to  late  April,  iMu  transition  from  continuous  daylight 
to  continuous  winter  nights  occurs.   Thereafter,  until  late 
August,  darkness  is  broken  only  cy  £hort  periods  cf  civ:l  and 
astronomical  twilight.  Then,  daylight  periods  become  pro- 
gressively longer  until  oontlnuoua  daylight  returns  to  tota 

October . 

Due  to  to(.c.grat.'hy  of  aurrounding  hills,  McMurdo  Station 
does  not  get  much  effect  of  twilight,  whereas  Byrd  and  Pole, 
to  dw  open,  booaflt  gnatly  Iran  twilight  parloda . 

Tilt  ?Tiriltlmt 

'Aattva*  or  'paaalva'  eoaalnietlan  nathoda  auqr  ha  uaad  to  the 
totarotlc.  Aetlva  aiatfaoda  hnply  thanatog  and  kaaptag  dia  alia 
toamad,  tdiUa  passive  methods  Imply  neither  disturbance  nor 
aHaratton  oi  Iraaan  aiatartal  at  tha  alta .  to  dw  Antarotlo  it  la 
man  aeonoflMeal  to  use  paaalva  conatructton  natooda  to  ioa  or 
aoUa  axlatlag  at  a  toapanlura  aawanl  dagiaaa  batow  tha 
fraectog  potot  [1]. 

tvahiatloa  of  alta  oondltlana  to  locatlona  of  Jtotarottea 
todloaia  that  low  aubaurtoca  taovaraturoa  lagulra  tnautotton 
«(  all  fluld'caRytog  eondulta  wMdi  would  ba  danngad  by 
IraaBtag  or  eauaa  daaaga  thnugh  loaa  of  haat.  Moat  aUaa 
are  of  material  llaMa  to  daoMga  by  axeaaalva  waata  haat. 

TranscortJtian 

Transporting  supplies,  equipment,  and  piT3i>rni-l  to  the  Ant- 
arctic Is  a  most  serious  aspect  oi  construction  which  requires 


special  equipment,  proper  timing  for  nowanant  of  equipment 
and  supplies,  and  added  manpower.  Air  access  has  decreased 
the  transportation  problem,  but  distances  and  costs  toWOlVBd 
to  reaching  remote  sites  remain  the  saaie,  OI  all  cargo 
dallwand  to  the  South  Pole  Station.  63K  was  fuel  otU 

Mowanant  of  freight  by  ship  la  not  as  expensive  as  awva- 
laant  by  air,  but  many  areas  are  not  aoeesslble  by  ship  and 
aomatiiMa  all  raaupply  must  ba  by  air  or  slad.  Schadultog 
piotoata  for  Aniaroilea  la  vary  baporMat  and  daalgnara  an 
haid  pvaaaad  to  prapan  ooaiplato  datoll  plans.  bUla  of  mato- 
riato,  packaging  and  handltaig  tosanietlMia,  and  toato  whan 
naoaaaaiy  ao  malartoto  oan  ba  puicbaiad  for  doftltalda  loading 
ta  McMurdo  Station,  lo  ba  flown  lo  ottaar  baaaa  by  Ootolior, 
tha  atari  of  tha  eoisiraetlain  aaaaoo. 

Manpower 

Mar.^ower  resources  for  building  and  operating  sanitary  works 
In  the  Antarctic  are  limited.    Often  uy  the  time  a  man  becomes 
familiar  with  his  |ob  his  tour  of  duty  or  assignment  is  com- 
pleted. Prc[.t-rly  Liamed  or  experienced  personnel  are  not 
available  so  thore  i$  a  tendency  to  use  unskilled  labor.  It  is 
ihiMf'.rx<_:  ,t-M.--tat  iv<  that  all  CuhM  aquipment  be  atnpUflad  aa 

tjlurh  ns  (:<ir::jit;l<'  . 

Individual  pr -d'..rtiv;ty  13  also  reduced  at  iow  terr.perature.s , 
so  added  lyianpcwer  :s  rcq-ired,  i.-creaslng  supply  and  housing 
requirements.    Costs  of  sanitation  facllltle.s  l.i  Increased 
because  of  the  itiodiflcation  of  conventional  facilities, 
iiicreased  insulation  and  haattog  MqulfanaMa,  and  added 
structural  provisions. 

Energy  Requirements 

Energy  requirements  are  of  prime  consideration  in  designing 
water  supply  and  waste  disposal  systems  In  Antarctica .  Con- 
servation of  heat,  use  of  waste  beat,  and  use  of  areas  heated 
for  other  uses  roust  be  considered.   Nuclear  power  wlU  play 
an  important  part  in  sanitary  and  hydraulic  engineering  in 
Antarctica, 

Health  and  Welfare  ImpltcaMons 

todlvldual  and  group  health  to  important,  but  there  is  a  gaaaral 
tendency,  predicated  both  cn  cold  aKpaotancy  and  the  Ant- 
arctic tradltton  of  small  expadltlona  to  pay  Uttte  regard  to 
sanitation  probtoms.  The  absenoe  of  lltos.  ■wsqultoas.  and 
other  vectors  tends  to  toll  (ha  Aniaretto  raaldent  into  a  telsa 
security . 

to  any  inhabtiod  area,  ear*  musl  ba  axarelsad  in  tha  eal~ 
teetlon  and  disposal  el  buataa  wasto  to  alUatoata  tha  apraad  of 
sewagebona,  dlaaaaa-produetog  organisms,  to  tow  tampara- 
ture  araas,  tola  probtom  to  eompoundad  by  tha  naad  for  ocm- 
muaal  or  quaal-oammunal  living  and  atoo  by  tha  praaervatton 
of  padMiganlc  orgaaloma  undar  lowarad  tampantoraa. 

ConalruetloB  Materlato 

Rigid  climatic  conditions  In  the  Antarctic  make  it  necessary  to 
use  materi-als  of  wicitjht  and  size  that  re:^ulre  the  least  time 
with  the  least  equipment  and  the  fewest  pfi:in:-,;;  lor  construc- 
tlon.    Wherever  pnssjtsle,  (wefAbrlcUifir. ,  co-.slLitrjnt  with 
Lransp'Of  tijtj;  Illy  ,  inst,-ill<sti(i:-i ,  mrti-t'.'r,.A-.cc  ,  and  repair,  must 
be  used.   All  '.njidcor  ctinslrucllon  I5  aflectcd  by  continuous 
low  temperolurcs  and  constant  hiqh  winds,  which  preclude  the 
use  of  lightweight  materials  that  would  require  anchoring  or 
weighing  down,  up  to  Instdliatlo:.  time.  Where  terrdln  is  rug- 
ged (because  of  grade  and  surface  material  such  as  rock,  ice 
and  snow  which  exist  at  the  coastal  station)  ,  most  materials 
should  be  of  a  size  and  weight  that  can  be  manually  trana- 
portod  by  two  to  tour  aun. 

WATER  SYSTEMS 

V.cMufao_Stavioa. 

This  station,  locati-vl  nn  permafrost,  is  the  main  supply  case 

for  all  stations  in  the  Antarctic  operated  by  the  United  States . 
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In  19S6  A  p«ak  population  of  170  persons  was  anticipated. 
Today  tt  has  a  summer  population  of  from  SOO  to  1100  persons. 
Including  iranilmiu,  and  a  wtnMr  poputetlaa  of  about  ZSO 

persons . 

Exi iriji  iiir; — Snuw  aofo  is  coUecled  from  an  arcti 
bciw.  lui  hiU.-i  liij.iut  ij.5  mile  from  the  station  using  c  ticitt  ir 
with  a  scoojj.  Tli;;;  snow  contains  much  volcanic  ash,  cstc- 
cljlly  in  Sumner  wh<'n  Uier  available  snow  is  deplt.'^.-i  because 
of  higher  tcmpeiatuios  and  continuous  sunlight.  This  volcanic 
ash  imparts  high  turbidity  and  oote  to  itao  waiar  which  ii 
difficult  to  remove. 

Water  consumption  of  at>?.j;  id  cj.i l/t orson/ddy  Is  consid- 
ered sufficient  as  the  cold  climate  roquircs  fewer  showers, 
less  water  for  drinking  and  a  central  laundry  and  moss,  in 
which  economy  of  water  use  Is  practiced.   Drinking  and  cook- 
ing Welter  Is  filtered  and  chlorinated.   A  'ucaum-diatcmaoaom 
earth  filter  Is  used,  having  a  (llt«r  area  of  42  sq  ft.  It  li 
built  entirely  of  p  lastic,  iiMludlng  ilwU.  Hilar  madia,  and 

supporting  olctner.ts. 

Without  control  over  the  rate  of  snow  melting,  ifie  law 
water  temperature  Is  normolly  betwt-en  120^  to  140'F.  These 
high  temperatures  shrink  and  distort  the  filter  elements, 
thereby  reduclr.g  the  filter  area,  filter  runs,  and  filter  offl- 
clor.cy  if.  removing  luibiJity.   There  .5  jIsc  .ir.  r.ily  tasto  due 
to  soot  from  the  exhaust  stacks  of  oil-burning  heaters  In  the 
buildir^gs  settling  ovar  thaantiroaiWi  Inetaidbig opaa-top 
snow  mo  Iters. 

The  water  Is  distributed  to  s'.orogo  tanks  In  thrui'  ri.iln 
buildings  or.n"        ly  by  a  1-Im,  hose  line  for  distances  up  to 
150  ft.   Wou-r  I:  f.l.'itrlbuted  to  jtlin  builJiugs  in  1 -gal  bottles 
for  drinking.  Tho  high  turbidity,  color,  arkd  strong  tast«  o( 
the  watar  ahlft  drinklngi  hablta  to  fruit  juleos,  mUk,  and 
coffee . 

All  other  water  jsed  is  not  filtered  or  chlorinated.  Water 
Is  available  at  e<ich  building  that  requires  water  such  as 
washrooms,  showers,  laundry,  and  photographic  laboratories; 
and  each  Is  provided  with  a  separate  snow  nelter.  Snow 
me  Iters  are  designed  to  use  waste  heat  from  the  Jacket  watar 
of  diescl  generator  units,  from  the  galley,  or  from  spaoe 
heaters .  Auxiliary  alaclrlc  bnmersto.-^  heaters  an  alao  jn- 
vtded  lor  use  when  station  power  demand  is  low. 

Tbla  type  snow  melter  has  proven  to  be  both  adequate  and 
•atliiacniry  for  amell  atationB  with  not  mora  than  25  paraona. 
Tot  tevar  auttana  whaia  dia  watar  daaand  la  1000  «al  par  day 
or  mora,  ataadaid  ooaunarelal-type  asphalt  kettles  are  uaad. 
AMwugh  Qila  typa  of  aaow  malter  is  quite  effective ,  it 
raqiuliaa  lama  duantltlaa  of  costly  Arctic  diesel  oil.  Taata 
indloaiad  that  1  gal  of  fiial  bunwd  praducea  70  gal  oi  watar. 
Tha  una  of  nuaiaroua  anow  owltera .  togathar  with  ataraga 
tanka,  pumpa.  and  buinara.  each  looatad  at  varlcua  poJata  bi 
iha  atatlen,  raqulrea  eonalderably  mora  manpower  to  oparata 
and  addad  OMtntananoa  ovar  dwt  roguirad  (or  a  centrally- 
loeaiad  water  matment  iacUity.  In  vlaw  ol  diU  and  baeauaa 
of  tha  ireatBMnt  naoaaaary  tat  tha  highly  tasfaid  watar  tnm 
anow  malt,  dlatlllatlon  of  aaa  «mtar  waa  aalaeiad  aa  ihn  man 
aeonomlcal  method  of  obtaining  Iraah  watar. 

New  construction—  Tha  aaa  watar  dlatUlatlon  plant  ualng  aiaam 
aa  lual  from  dia  nualaar  powaiplant  wlU  radwa  tha  manpownr 
required,  allminata  tha  large  amount  of  fual  to  ba  tranapoitod, 

and  furnish  acceptable  potable  water  to  many  more  buildings 

than  are  now  receiving  It.  A  heavy,  electrically- heated  hose 

will  supply  sea  water  to  the  distillation  unit  from  a  salt  water 
Intake  through  the  8-  to  12-ft  Ice  thlchness  at  the  shoreline. 

Sea  water  is  pumped  to  the  salt  water  storage  tank  In  the 
water  ireatnient  plant  tjusldlr.g  300  ft  above  the  shoreline  where 
the  distUlat.cn  i  l  int  i-.,  l  ic-.ioij .   Salt  water  supply  and  brine 
return  lines  will  ko  msjlJtcd  -ir,d  f  lectrica Uy  traced.  The 
dlstillat.cn  plant,  w.ih  a  cjfacity  oi  14,400  <}•:>',  jujr  ijiiiy  nl 
fresh  water,  will  be  supplemented  with  a  duplicate  ur.lt,  for 
a  t  .tal  of  28,800  gal  per  day.  The  distillation  pla.^.t  building 
c::ritriins  9  55,000-qal  sea  water  and  a  SS.OOO-gal  distilled 
w.5;<:r  -jtcrarju  t,.ink  wn;ch  is  adequate  lor  i.h  days  in  summer 
and  about  13  days  in  winter.  These  large  tanks  are  covered  to 
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prevent  condensation  from  freezing  on  the  walla  and  roofs  of 
the  buildings.  Tanks  will  be  above  (he  floor  to  provide  space 
(or  warm  air  clreulatlan,  and  ivawant  watar  In  tha  tank  bottom 

from  (reezlng. 

Fraab  water  will  be  distributed  from  the  distillation  plant 
on  the  hlU  to  the  station,  0.7S  of  a  mile  away,  by  a  4-ln. 
copper  pipe,  above  ground,  flangel,  nnd  in  21-(t  sections. 
Insulated  with  3.25  In.  of  polyuiothano  loam,  with  a  stool 
jacket  or.  the  outside.  Tho  plp-e  will  have  an  olfctrlc  tracer, 
thermostatically  controlled.   Everything  is  pref aaricatcd  for 
quick  installation  on  timber  supports  above  c;rade. 

Surface  ma'.onal  a".  .McVlurdo  Is  non.homoqeneous  oasalt, 
rangif.q  li  c.t.  large  bijulder.s  tc  t..-!iu::lf5         rtrm-iin  ;n  suspen- 
sion .T.ore  than  l-i  hour.i  .    Tin;  .-..ti'  .3  cjcr.tly  rolll.-.t;  tcrrat.-, , 
VI 'l';'a;.li-  m  oiigin.    FernM!r:.:;it  .n  al>-::jt  6  :n  .  oclow  surface: 
cor.-'iC'iur-n:  ly ,  earUilill  cc  rcicsfkll  is  obtai-ied  by  scraping  only 
a  low  inches  jff  an  area  each  day  in  summer  as  the  sun  warms 
the  rocky  surface  .  This  water  utility.  In  the  Initial  phase  of 
ccr.structicn.  will  supply  the  nit- ss  hall  and  gallay,  laundry. 

laboratories,  and  toilet  bull:i;nga. 

Li'ur ,  a  water-main  I'joi  arcund  t.ne  statio.-.  wiil  be  bulU 
with  recirculation  pumps  m  the  line,  to  keep  water  in  the  pipe 
continuously  moving,  especially  during  low  usage.   This  recir- 
culation will  prevent  the  treezmg  of  pipe  should  the  electric 
tape  In  the  Jiccticn.--.  b«  out  al  serv:::i=.    ii.. . ldl.-:g&  rare  serviced 
through  walls,  ai>ove  the  floor  lor  ease  ol  construction  and 
accessibility  for  repair.  The  entire  distribution  system  slopes 
dnwn  tc  lew  points  so,  should  an  electrical  outage  occur,  the 
entire  system  nvay  ba  drabiad  Immadlataly.  bafora  daawga  from 
freezing  occurs, 

Bvrd  Station 

Exiatlnq  lacihties-Whore  stations  are  located  faalow  snow  tal 
tunnals  such  as  Byrd  Station  and  South  Poln  Station,  all  %fatar 
la  obtatnad  from  anow  melting.  Byrd  Station,  with  about  40 
persona  In  sumaier  and  30  persons  In  winter  raqulraa  20  to 
30  gal  par  eaplto  per  day  in  summer  and  10  gal  par  oaplM  par 
day  In  wuitar.  The  old  Byrd  Station  whleh  waa  eoMttuetad  In 
19SS  lor  Iha  IGY  Program  traa  tamporary  and  abaodooad  whan 
Iha  naw  Byrd  Station,  about  flwn  aUlaa  away,  waa  oomplalad 
In  1961. 

Snow  la  eoUaeiad  from  a  markad-off  araa  0.2$  mlla  upwind 
from  Ilia  Blatlon  and  haulad  by  alad  to  tha  eantrally  loeaiad 
hoppar  at  tha  aurfaca  which  fkada  tha  anow  oMliar  In  iha  powar 
and  utility  bulldtaig  tai  Iha  tunnal  faalow.  Tha  anow  la  duaipad 
Into  the  hoppar  and  la  taken  on  an  inclined  belt  oonvayor  to 
Iba  malHr .  Iba  eloaad<«oglna  cooling  watar  ayatam  of  diaaal 
alaetrle  ganaraiora  Is  circulatad  duough  tha  anow  melter.  The 
watar  la  Ihnn  flUarad  duough  dlatomacaoua  earth  filters  and 
aioiod  In  large  steel  tanks. 

A  looped  dlatrlbutkm  system  Is  installed  In  each  tunnel  and 
runs  through aaoh  building  near  the  calling.  Distribution  sys- 
tem piping  baa  2-la.  premolded  glass  fiber  Insulation,  with 
factory- applied  kraft.  aluminum- laminated  jacket  on  the  out- 
side,  and  electrically  traced  for  piping  between  buildings. 
Piping  Inside  the  buildings  is  exposed  to  absorb  heat  from  each 
building.  Connections  tc  all  pluinblng  fixtures  In  each  build- 
ing are  lar.i'n  fr'ni  tlii'  iiirtin  .1;;  water  pais<rs  through. 

Water  in  the  loop-ed  m.iin  ;s  continuously  circulated  to  dis- 
tribute heat  and  prevent  soezinij.    Expansion  loops  of  flexible 
metallic  bronze  hose  are  prcysded  at  each  building  connection 
to  prevent  breakage  due  to  building  movement.  Temperatures 
in  tunnels  tielow  surface  are  more  uniform  than  those  above 
surface,  Uiu^  t<--:r:utting  uetttrr  heat  control  of  wdterllnes  and 
aewerimoi.   An  tilowers,  t.:klr,g  suction  from  snow  wells,  are 
u^ed  in  tlie  i.jnnels  to  maintain     maximum  temporaturo  of  0*F 
and  to  ptevcni  melting  of  l,;:inei  snow  walls. 

New  construction— A  Kodrlguoz  Well  unit  to  furnish  water  for 
the  entire  station  is  planned.  This  well  will  be  about  300  ft 
from  the  nearest  lunnc!  and  1200  ft  from  sewarjo  disposal  pits. 
Access  will  bo  oy  ■<.  tunnel  "  ft  wide  by  9  ft  high,  connected  tO 
the  main  tunnel.    This  well  will  have  a  shaft  AZ  in.  in 
diaineter,  using  a  mcltl.ng  bit  36  In.  in  diameter.    Snow  is 
melted  by  meltuvg-blt  nozzles  supplied  with  saturated  steam 
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at  165  palg  at  373'F. 

When  itic  sn.^ft  is  about  150  ft  deep,  snowmelt  no  longer 
p«rm«ates  ch<.'  surrounding  snow,  but  accumulates  at  the  shaft 
bottcrr. .   V.'hon  snowmelt  is  about  4.5  fl  rjoep,  ihf-  nieltlng  bit 
l3  rcpljccd  v/:th  a  combination  meltlng-puinplr.g  bit  (pump 
being  the  aubraersible  type).    This  permits  cor.tlr.uous  injec- 
tion a',  s'.enn;  almultaneous  wllh  pumpi.-jg  of  water  lo  the 
suriaco  ;o  siarjgo  lunks.   Whwr.  sKir.ige  tanks  are  full,  the 
melting -puniFin:3  tilt  may  tic  wlthdr.iwn  from  the  well  after  all 
water  is  blown  cjt  by  ccnpresscd  air  to  prevent  Irei-ilr.g. 

With  ccna-clled  melting  and  puinplng,  a  cylindrical-shaped 
cavlsy  Is  frrnud;  Its  diameter  will  be  about  50  ft.  In  this  type 
of  well  development  at  Camp  Cftntury,  Greenland,  the  shaft 
and  cavUy  wore  found  to  t>e  lined  with  an  ImpermeabU-  ice 
coating  [  2]  .   Water  can  be  stored  in  this  covity  13  long  is 
there  Is  sufficient  heat  available  and  It  is  adcquuteiy  distrib- 
uted to  prevent  treezlng.  This  stored  water  may  oe  used  for 
flrefightlng  in  an  emergency. 

The  maximum  diameter  ::!  tne  cavity,  because  of  lateral 
undorniining  ,  Is  fsttibhshecl  oy  structural  requirements  of  sur- 
fdco  iodds.   '.Vnll  dopth  will  be  biin  ft,  as  thlis  Is  considered 
rr.os:  ecnntirnlcdl .   When  this  depLii  is  reao.'ied ,  jdded  well« 
spaced  not  less  than  150  ft  on  centers  wlU  im  installed. 
Based  on  prosonl  population  roguircmontt,  ths  Wtll  tlMMld 
fumlah  stilllclent  waMr  (or  12  years. 


South  Pole  Station 

Water  supply  at  the  South  Pole  Station  is  obtained  by  snow 
melting.  This  is  done  using  hot  exhaust  from  dieael  electric 
generators.  Water  is  pumped  to  a  940-gal  main  storage  tank 
ddjacent  to  the  mcltcr  and  then  :o  180-gal  toilet  room  water 
teak  through  a  0.75 -in.  hose.  A  1-ln.  pipe  is  used  to  fill  the 
22S-gal  overhead  tank  in  the  galley,  and  is  immediately 
drained  after  the  tank  Is  full.  Despite  low  tunnel  temperatures 
and  the  length  of  unprotected  tu.inel  runs,  the  line  iron  only 
onoe  in  19S7.  During  the  summer,  water  consumption  Is  2010 
30  gftl/man/tey.  end  alwut  10  gel/nen/dey  in  winter. 


Haltett  Suuon 

the  absence  of  any  continued  snow  cover  at  Capo  Hallctt, 
which  is  on  rock,  and  contamlnatton  by  penguin  wastes  madr.' 
muem  aMlllns  as  •  water  aeuroe  Inpraotlcable.  During  the 
mnaiar,  waiar  la  obtained  froat «  lorgt  gtaeler  about  1  aile 
from  ttM  tMUon.  When  temperatwe  la  above  30*F.  nolt  water 
from  this  «taelar  It  ooUeeMd  to  a  bHta  and  ^pod  demii  e 
alopo  10  •  1000^1  WKMff  mgon.  which  hauJa  it  to  the  atatlon 
when  u  la  pumped  lale  vwlous  Mnraffe  Uiriu  to  the  buUdtoga. 

Dwtog  the  wnnar,      watar  M  cawwitad  to  btit  watar  by 
two  8S-gel/)iour  distllletlaa  nulls.  Aeetia  to  IM  nwter  It 
obutaed  by  rtpoated  too  earing  over  •  mail  um,  Ihla  elui- 
fawtaa  the  pravieus  need  for  blasting.  Awn  4000  «al  of  tan 
water.  ISOO  gal  of  6a«h  walir  la  obtoliwd  for  a  ratio  of  about 
2.6  to  1.  Iha  water  ia  clean  but  does  not  laate  aa  good  aa 
gladar  watar. 

Watar  dlatrtbotlon  ayatama,  wtiaibar  In  aaow  tmnals  or 
abova  panaafroat,  amat  ba  a  looped  tyalam.  lAmvar  poaai- 
bla,  to  pravant  parioda  of  aenflew  with  poaalbla  Una  ttaealag. 
Water  waloclty  to  ifra  dlatributlon  ayatam  ahouM  ba  natntalaed 
at  aboat  0  ft/aac  to  aqptaUxa  beat  loaaaa  throughout  the  aya- 
lam*  Tbta  prevanta  iha  fraaaaup  of  any  saetton  oc  aaotiona  of 
ptpa  ahovld  die  electric  tracer  to  a  aaeUon  of  the  ayaiam  ba 
out. 

b  d»  toltlat  eparattcn  of  a  ayatam,  aftar  prolonged  inae- 
tivlty,  or  afiar  dia  ayatam  haa  been  dratoad,  pipes  are  apm- 
eiablydiUltd.  Whan  watar  la  tumad  on  agato,  pipaa  abaorb 
oonaidarabto  heat,  raqiilrtog  added  haattog  of  water  at  the 
aouroa.  Waiar  waraiad  abova  M*F,  howavor.  owy  damage  tha 
pipeline  by  axoeaslve  eiqianalan,  paiUailarly  at  tha  letota . 
Under  neimal  operatlen  of  a  dtstrlbutloQ  ayatam.  watar  tem- 
perature at  the  terminal  point  during  static  (nonflow)  parioda 
la  ganarally  hapt  batwaan  27*  and  41*r. 


SEWERAGE  SYSTEMS 

McMurdo  Station 

Existing  factUttas— Sewage  at  coastal  stations  such  as 
McMurdo  la  Mllactad  and  disposed  ol  by  the  "box  and  can* 
awdUMl  to  three  toilet  buildings  at  the  station.  With  a  large 
aummar  population  that  Includes  many  transients  and  others 
working  at  the  same  time  during  normal  daylight  hours  ,  facil- 
ities are  overcrowded.  These  limited  facilities  plus  the  dis- 
oomfort  tend  to  lower  morale.  The  ten  showers  for  the  entire 
station  are  located  five  in  each  toilet  building  at  each  end  of 
die  sutlcn.  Due  to  die  lUnited  water  supply,  thalrusa  la 
restricted  to  certain  hours  of  tha  day.  As  some  quarters  are 
up  to  300  ft  from  the  nearest  toilet  building,  most  buildings 
have  a  small  trough-type  urinal  fastened  to  the  toslde  face  of 
an  outside  wall,  with  a  dlachaige  hose  itaiaugib  the  wall 
spilling  10  the  grade  on  die  outside.  Hot  waste  watar 
discharged  frarn  galley  and  laundry  buildings  also  diacharga 
outside,  adlaeeat  to  each  buildtag,  eraattog  a  oravaaaa  to 
die  panaafroat  which  haconas  deeper  eaeh  aummsr. 

to  toilet  bttildiings,  drains  bom  tha  tovatertea  and  tha 
irough-wtaa)  oollsct  to  a  lOO'^al  letatoar  box  which  la 
aaptlad  dwough  a  nitatar  hose  Immediately  eutaUa  tha  bulMing 
whta  dw  boN  la  full.  This  full  (tow  dlsdiaiga  piaventa  hoaa 
fraaalng  which  oeeurs  whan  sawU  guantlttoa  of  liquid  waste 
are  dlsdiargad.  this  discharge  on  grade  fraeaaa  and  lamatoa 
until  suamier  thaw,  at  which  thaa  It  becosMa  unaifhily, 
unasnltsry.  sad  o^ravs.  Mvy-type  totrlnea  to  loltot 
butldlaga  use  half  seettans  of  55-gal  fuel  drama  cutalde, 
whicta  are  allowed  to  fraasa  and  than  dumped  on  bay  loa<  to 
hopaa  diat  summsr  thaw  will  dispose  of  tham . 

Mew  canBtnictlim— The  toqinived  sewerage  system  thet  Is 
plaaaad  will  oonslst  of  a  O-to.  copper  pipe,  tosutated  and 
olaelrieatty  fr'acsd.  to  coUeet  watatbema  aawaga  from  tha 
daaa  toltat  huUdtoaa  (which  will  ba  oonvartad  to  uaa  l^al 
flttsh-typs  wator  elosats  and  wator-suppltod  urtoala)  and 
waste  wator  from  Iha  laundry  and  galley  and  dtoeherge  It  on 
Vade  at  the  ooastltoe.  Tlie  discharge  line  will  end  with  a 
weighted  cheek  valve  toslde  an  Insulated  box.  The  check 
valve  wtll  not  open  until  a  head  of  SO  ft  is  reached  to  the 
aewsrUne  from  die  buildings.  This  head  Is  built  up  In  300  ft 
of  pipeline  .  An  added  800  ft  of  line  plus  a  head  of  SO  ft  is 
available .  The  check  valve  will  prevent  cold  air  from  entering 
the  iewerllne  during  low  flows  and  also  cause  the  discharge 
fruti!  Uie  outfall  to  be  at  full  flow  and  high  velocity,  thus  pre- 
venting lino  freezing.   Th<:^  disrharcjc  hr.i-  will  i-nd  5  ft  above 
grade  lo  prevent  ice  buildup  which  would  clog  the  outlot. 

Bvrd  Station 

Existing  facilities— Sewage  and  waste  dtoposal  at  stations  on 
the  Icecap,  such  as  the  old  Byrd  Station,  used  pita  dug 
beneath  buildings .  totsrlor  waste  tanks  ware  provided  for  Om 
oollectlan  of  water  froni  shawera,  tovatorles,  and  galley. 
Ihase  waste  tanks  had  tousaraton  heaters,  and  when  tanks 
wata  filled  and  heeted,  wasto  water  waa  Immedleiely  celeaaed 
to  dia  sowage  pits,  causing  tha  pita  to  grow  deeper  raftsc 
ihaa  wider,  which  would  Jeopardise  building  teundatlona. 
Prlvy-typa  latrtoes  wata  placed  over  tha  pitt  fbr  waala 
dlspoaal. 

Mew  eoeatniettoB-The  sewage  from  aaeh  building  at  the  sto- 
tloa  will  ba  ampttod  (uatog  4-ta .  pipe  at  tha  aide  wall  of  iha 
buildtag  near  the  floei)  toto  a  heated,  tosulatad,  oentral  steel 
sump  tank  below  the  tunnel  floor.  It  will  thbn  be  pumped 
eboat  1100  ft  thiough  a  4-to.  fiaroa  mato  in  tha  tunnato  to  two 
disposal  pits. 

Iha  pitt  are  created  by  using  a  24 -to.  melting  bit  and  00m- 
binatton  nalttog-pwnptog  bit  aasasibly  (Hodrlgues  Well 
unlQ  CZ]  which  to  towered  by  steel  cebto  using  an  A-frasw  at 
the  tumel  ftoor.  Watar  to  pumped  out  on  the  anew  aurfaee. 
Shafts  from  tonnal  floor  to  ^t  tope  an  oomigated  metal, 
30  to.  wide  and  100  ft  deep;  eeeh  ahaft  contatoa  a  alael  pipe 
afr  duet  16  to.  to  diameter  and  a  4-to.  taautotad  and 

44S 


Copyrighted  material 


•laetrieally  traoad  Mwagc  discharge  line. 

Pits  ar*  SO  fi  apart  with  Uia  cavity  100  ft  In  dlanatar  balow 
the  100-ft  depth  so  that  itaa  oavlttoa  Join  and  taaooaM  ana  pit, 
1$0  ft  in  diameter.  This  pravanta  waim  aawaga  ffdoi  apnadlng 
lataraUy:  cold  au  is  Injaciad  by  blower  Into  ana  pit  while 
•aamga  ta  dUcbargad  into  iba  othar.  oraating  a  countarflow 
ayatam.  Thta  prooaaa  la  ravaraad  altar  a  tiaa  Interval.  Basad 
em  tba  pntant  tuaNaar  and  wtntar  population .  thase  double 
pita  ahouM  to  ada^u  for  about  four  yaara. 

Iho  aawanga  aystan  la  4-ln.  ooppar  plpa  wlib  4-ln.  flax-> 
Ibla  OMtaUlc  hoia  at  all  bulMlns  eonaacttflna<  auaip  tank,  and 
all  dlneUon  ohangaa  In  tha  tumwla.  Saow  plaallelty  eauaaa 
all  amiciuraa  to  naiva  In  dlfteant  dbttetlona.  ao  liiat  rlQld 
pipe  oonnactlons  or  ooa- or  two-way  Cletxible  joints  are  not 
aatlafactocy.  Tto  plpa  la  inaulaiod  wiili  t'ia.  glaaa  fifaar  and 
alaoineally  iraead  at  f  mtta  par  (I,  ttaameatatieBlly  oon- 
iroUad,  artdi  a  ataal  Jaokat  on  dia  outaida. 

vmum  coNSTKvcnioN 

All  plpaUnaa  laatallad  in  tto  Antarotlo  at  Aa  ooaatal  aiatlon 
on  pentalroat  ara  of  coppar,  typo  K,  flanged  21  ft  leaa<  bavlng 
polyurathana  foaa  Inaulation  and  alaecrlo  traoar  ttpa  or  tapaa— 
all  anoaaad  la  a  oonugatad  or  aaraotli  wall  galvaaiaad  ataal, 
prafabrleatad  faofora  ahlpnant.  Thaaa  prafabrleaiad  21-lt 
aectiona  will  reduoa  labor  and  eonatraetlon  tloa. 

Rap]a«dng  a  liraaan  aaetlon  la  vary  antch  alapllflad  by 
roaKM^ng  tha  collar  ovar  tha  Joint  at  aaeh  and.  untoltlng  Hia 
flaogaa,  and  a  lipping  out  tha  antko  aaetlon.  Tba  alaelrloal 
iraear  for  the  section  la  dtaoonnaeied  ftoai  iba  plug  on  dw 
flwin  cable  feedUne ,  wMcb  nma  along  tba  antlie  laoglh  of 
di*  plpa  Una. 

lb*  2-la.  waterluie  hea  tnaulatten  «l  t,n  In.,  elaeKleal 
traoar  of  7  w/ft,  and  dlanater  caatng  of  8  In.  Iba  4-ln.  water 
and  4-ln.  aawar  haa  Insulation  of  3.2S  in.,  aladrleat  traoar 

of  14  w/Ft  (taio  7-w  tapes) ,  and  diameter  casing  of  1 1 . 125  in. 
Tha  5-ln.  aaa  water  line  has  insulation  of  3.2S  In.,  electric 
iraoar  of  14  w/tt  (two  7-w  tapes),  and  diameter  casing  of 
12  In.  Tha  6-ln.  seworline  has  insulation  ot  4  in.,  ateclrlc 
Iracsar  of  14  w/tt  (two  7-w  tapaa),  and  dlaaMlar  caatng  of  IS  itu 

All  water  and  sewer  building  connections  ara  made  with  a 
flexible  metallic  hose ,  electrically  traced,  Insulated,  and 
provided  with  flanged  connections  for  building  service. 

Th(?  v.'._i:rr  iind  'ji-'A"*ati''j**  syylc-iny  -i'a  rcj::ky  lorralr:  fire  on 
wood  suiLports  Jt  each  end  cf  caci  serllor. ,  usualiy  wlihou! 
anchorage       -.he  qioLind.   WTiere  slopes  are  steep  (above  20%) 
pipe  anchci  lug  is  required.   This  is  dor.e  Dy  scraping  slots  in 
the  top  6  in .  of  permi'i:r;"--3[  (about  2  in.  per  day)  and  by  boltmg 
the  pipe  flange  to  tw-j  1.;  by  12-iii.  tinibers.    Duf?  to  steep 
ground,  mlnlmun;  vt-lijcirios  In  the  s<-w<-f.iq>.-  :;ysi>-fr.  of  Z  ft/sec 
are  usually  oxc<?'-dcd.   V.Tiore  waterhncrj  .i:-.d  sfwi-t  lines  cross, 
they  arc  pl.jc<_'d  in  •iniLur  rulvyri  iinxi-s.    This  Is  domt  by 
scraping  the  ground  as  much  as  possible  to  create  some 
depression .  laying  the  timber  boK  under  aarthlill.  end  ramping 
the  road  20  ft  on  each  side. 

INTERIOR  PLUMBING 

All  Inslrle  plumbing  l;i  cc^^-^r  wltn  sweated  joint  fittings.  This 
hf.o  biM'i  vt!ry  ■;uui      jiul ,    Mjstlc  pipe  for  water  ar.d  waste  Is 
not  recorrirnendod  t>i-cous(_'  -,1  Ic-w  temp«rratures  encountered  in 
trcr.jportation  ,  storaqo,  or  in  lomp'r.r.iry  Inactlvatlon .  Although 
the  strength  of  plastic  Increases  v/ith  docr<>aBCd  tomporatur© , 
It  ter.ds  to  become  brittle  ot  low  tenperature  s . 

The  4-ln.  vents  of  the  plumbing  system  lor  tunnel  buildings 
in  snow  extend  above  the  building  loof.  A  flexible  metallic 
hose,  2  ft  long  to  cDrr.pen3.3ti.'  !:;r  nny  raovem'^nt  between 
building  and  tunnel  arch,  is  attjchod  <■:■  ih<.-  vci;!  t-nd;  a  pipe 
from  there  Is  extended  through  the  net.il  tunnel  arch  to  a  point 
4  ft  above  the  snow  surface.  Th.s  vent  is  placed  Inside  a  pipe 
sleeve  5  in.  in  diameter  that  Is  welded  to  the  metal  tunnel 
arch.  A  rubberized  canvas  sleeve,  18  in.  long  is  clamped  to 
tba  4 -in.  vent  pipe  above  the  natal  tunnel  arch  and  to  iha 
5-ln.  pipe  sleeve  to  prevent  snow  melting  on  tto  4-ln.  vent 
from  enlaring  hinnal  or  building. 
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All  water  ctosats  arc  1-gal  (lush-type  to  conserve  water. 
They  are  wall  hung  to  Itaap  all  drain  lines  above  or  between 
floor  tolsts  wherever  possible  (or  accasstbiUty  in  repair  and 
for  uaa  of  building  beat  »  prevent  beeslng.  Wton  poaslble, 
shower  floora  are  ralead  above  Ito  oialn  floor  for  tto  sane 
raaaon. 

Toilet  rooas  should  be  clean,  warn,  wall  lighted,  venti- 
lated, and  conveniently  located  Ibioughaut  tha  atatlon.  Snail 
fans  abeuld  to  placed  at  aacta  water  cloaet,  behind  or  to  one 
aide,  wHQi  an  extoust  duet  dlrecied  outside  to  elintfaate  odora. 
Altheuglb  vmtllatton  In  eoM  regions  has  always  been  adnlailied 
<due  to  tto  laiva  aanunt  of  beat  required  to  wane  taioonlng  oold 
air),  edeguala  ventilation  Is  necessaiy  In  all  toUatxoons. 

^PMft^  AND  TIIA8B 

Traah  at  MoMurdo  Station  is  haulad  lo  an  adlaeant  are*  and 
duaped  on  tto  ground.  Garbage  la  plaoed  In  S5-gel  dmms, 
frosen,  and  dunped  on  tto  Sbora  wtava  dM  aea  oairiaa  It  away 
wldi  seaaonal  ioe .  Trash  and  gaitoga  at  Byrd  Statton  la 
plaoed  In  an  auxlUiary  tunnel  about  20  ft  wide  by  2$  ft  high  by 
300  ft  long.  This  emngenent  ellsilnaies  tto  need  for  toulbig 
and  buiytaig  outaida .  traah  at  South  Pole  Station  la  burned  to 
an  Inclnaratar  at  tto  and  of  a  tuanol,  Oantofe  grindara  In 
galleya  are  not  feasible  wliaiu  a  wMarbsiae  sawaraga  ayatam 
toa  a  water  supply  toe  Ualied  to  toep  eoUds  tran  settling  out 
IndM  line. 

COHCUfSlOm 

Clhnatlc  condltlona  In  die  Antarotlo,  beoauee  of  low  teoipera- 
tuie  and  abort  constrjction  time  wlih  tnlarvantao  darkness, 
leimire  that  sanitary  and  hydrauUo  fSOlMUea  to  designed  ior 
construction  and  maintenance  with  aitolaw  psraonnol  and 
equipment,  and  with  maxinum  prefatrleatlon.  tto  aduent  of 
large  stations  (over  2S  persons)  makes  obsolete  the  axpadltlon 
concept  in  Antarctica,  where  both  scientific  and  logistic 
support  personnel  spent  most  of  ttoir  tlnw  on  survival. 

With  a  personnel  Increase ,  duty  asslgnmants  should  to 
more  specialized  for  efficient  operation,  both  aclentlftoally 
and  loglstlcally .  Facilities  must  be  provided  that  require  only 
occasional  attendance  by  experienced  personnel  for  efficient 
operation.   Dedicated  scientific  or  logistics  personnel,  who 
ccntinu.^lly  cut  Into  their  k^l.'i'.ire  hours,  aNTtt  relief  6oai  eaow 
collection  or  w-iste  disposal  duties  . 

Fresh,  potjLl'_  w.n  :  must  Ix.-  av.iil^.vble  ;n  s.i'.lsfy  all  needs. 
In  coastal  areas  on  permafrost,  where  abu.-.d.jrt  clcon  snow  Is 
not  available,  converting  sea  water  to  fresh  water  is  consid- 
ered the  most  satisfactory  solution.   Using  the  Rodriguez  Well 
unit  at  inland  stations,  wiu-n:      limited  cle:i:i  sr.ow  is  avail- 
able, reduces  the  costly  manj^jwrr  rerjvilrerrjents  to  a  mtnlmuni. 
Most  economical  discrlbuticn  of  fresh  water  Is  by  Insulated 
pl]>cline— electrically  traced,  protected  against  low  tempera- 
tures, and  accessible  In  Its  entire  length  for  lepelr  or 
replacem»jnt . 

Commijnal  or  quasi-communal  living  In  the  Antarctic 
requires  sanitation  of  the  highest  order.   Showers,  lavatories, 
and  water  closets  must  tw  located  m  a  clean,  warm,  well 
lighted,  and  well  ventilated  environment.   To  do  this  at  mini- 
mum cost,  sufficient  cer.trally-located  toilet  auildlngs  within 
easy  reach  ol  all  personnel  should  be  provided.   To  tuttner 
facilitate  this,  the  installation  of  a  waterbome  Sfwt-r.iq<- 
system,  serving  these  centrally-located  toilet  buildings,  is 
r.ecossary . 

Although  this  system  is  more  costly  to  construct  than  the 
present  "box  and  can'  method.  It  eliminates  the  disagreeable 
work  of  removal  and  disposal  of  waste  containers,  reduces 
cleaning  operations  with  attendant  reduction  of  manpower,  and 
improves  morale.  A  minimum  amount  of  pumps,  valves,  con- 
trollors,  and  meters  should  be  used .   Equipment  should  be 
simple  and  located,  whenever  feasible,  in  heated  buildings 
to  ease  operation  and  repair.  The  materials  nust  to  tto  tost 
available  to  reduce  man^ours  ot  work  for  repair  or  raplaoe- 
ment .  The  Antarctic  Is  no  place  to  test  materials  or  e«uipaieat 
that  la  eaaantlal  lo  proper  operation  of  tto  aution. 
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WATER-FREEZiNG  PR06LEAAS  IN  MOUNTAIN  COMMUNITIES 

XBNNBTH  R.  WRMSm  and  ORUN  W.  FRICKZ.  WHght  Walar  Engtnaara*,  Daiww,  CMoradn 


lha  problems  that  arise  from  frozen  water  systems  can  be 
described  best  In  the  experience  of  four  mountain  towns  in 
Colorado  where  alavatlona  nnoa  ton  BOQO  to  omm  than 

10,000  feet. 

FOUR  MUNICIPAL  WATER  SYSTEMS 
Frigco  (9100  ft) 

Froaalng  ptoblens  at  Frisco  began  atoctiy  aflar  a  cantral  watar 
system  was  installed  in  I9S6.  The  watar  waa  taiean  dlvaetly 
from  a  cold  mountain  stream,  and  the  mains  waiw  laid  with 
only  about  5  ft  of  cover.  In  addition,  asbaatofeamant  plpaa 
were  used  for  the  distribution  iyatam*  Elactilcal  gananlors 
CO  jid  not  be  used  to  iliaw  tiw  nonconducting  asbestos-eanant 
pipes .  When  tooallxad  main  fcaaseups  occurred,  theaa  had  to 
be  left  until  spring.  Ihe  townspeople,  knowing  that  aMvlnR 
water  is  less  apt  to  freeze  than  still  watar,  would  opan 
hlaedars  on  ail  mains  for  the  winter.  Thia  reduced  epantlng- 
Una  pressures  so  much  that  many  consumats  warn  naaily  out 
of  watar  before  tha  mains  began  to  fraasa. 

rinally ,  in  Pataruaiy  1961 ,  a  aavara  cold  portod  proved  too 
much  for  tha  ayatan.  lha  RMrtd  How  of  tha  nountaln  atwam 
•topped  aa  lea  daau  up  to  4  ft  hlQli  ftmad  In  tha  atraam 
channel.  One  main  fkoaa,  then  anothar,  and  by  the  time  the 
usual  bonfiraa  ooiild  fan  built,  ganataiora  brought  Into  aetlnn, 
and  a  atoam  bollar  purohaaad,  tta  loam  diatrlbutlan  tyctam 
waa  toaan  torn  ona  and  to  tha  olhar.  NolhlnB  oould  ha  done 
axeapt  to  drill  Individual  walla  In  lha  butlnaaa  dlatrtet,  to 
haul  watar  to  fill  bathtubs  and  elhar  centalnars.  and  to  «rait 
until  aprtng  for  ths  thaw. 

lha  naxt  summar  during  ths  Short  constnieuon  laason, 
•taps  wais  taken  to  naka  euro  that  a  atajer  fraeaoup  trould  not 
ooeur  again.  Ica-fneturad,  aebeslos>osflisnt  watar  mains 
were  replaced  with  eleetrtoally-conductlvo  oaatlran  pipe,  lha 
original  intake  on  MerUi  Poik  Tannllo  Craak  waa  abandoned, 
and  a  new  intake  waa  oonairueiad  off  to  ona  side  of  a  anall 
off  atraan  pond  under  aboi«  IB  It  of  gravel,  lha  new  intake 
provided  fUtntlon.  took  itao  warmest  water  firon  the  atraan. 
and  ativlnad  out  floating  loe  parUelas.  Ihls  water,  however, 
while  better  than  dinet  stream  watar,  eeuld  oat  be  depended 
upon  iar  antlftoaae  proteeUem.  lhateioca,  a  nunlelpal  wall 
waa  drilled  and  a  pump  house  eoostructad  so  that  "warn" 
40*P  ground  watar  was  available  for  tha  winter  iwriod. 

After  the  new  supply  systen  wea  conatraetad,  tha  past 
habits  of  ascessslve  bleeding  were  not  aaally  ovaroomo. 
During  tha  first  winter,  the  operating  pressuras  <fcoppod  vary 
low  as  ths  turbine  ptimp  attempted  to  keep  up  with  the  daownd. 
Thla  waa  oortacaad  tho  following  winter  after  an  intensive 
program  of  Infommg  the  naaldanta  of  proper  bleeding  pnoe- 
duro  and  «Aar  tho  watar  auparintandant  waa  oMwlnoad  that  the 
nalnUna  bteadata  did  not  have  to  ba  In  operation  at  all  tines. 
Through  the  last  winter,  one  of  the  most  severe  on  record, 
IMaoo  was  able  to  operate  Its  water  systen  without  any 
significant  problems. 

Blue  Spruce  (8600  ft) 

This  town  (flriurti  nnmp  rtat  used  h«rc) ,  which  depends  on  a 
direct  -Jtriv^m  diversion  Inr  lis  wator  su[  pJy.  uses  mainline 
bleeders  to  keep  the  water  in  the  distribution  system  moving 
fast  enough  to  prevent  freezing  during  the  winter.   While  the 
mains  are  kept  free  of  ice  blockage  by  this  technique,  the 


I'lfi-  hydr,ini  laterals,  whi^n.  tin  water  (lows,  arc  still  s'^s- 
ccptible  10  freezing.    In  Tcoruary  1963,  an  automobile  .larage 
caught  fire-    Tho  fire  deprtrtmer-.t  respondc:!  'ijijickly.  but  no 
water  was  avrtllable  Irom  tho  r.i'nrby  flro  hydrant     Hose  was 
laic  to  another  hydmr.t,  tju;  .igoin  no  w.jtcr  flcv;.?d.  This 
showed  that  u  Iro/.nn  hydrant  iatercsl  probleTi  existed  m  the 
community.    V.'hilc  r.oth;nt;  hjs  been  done  to  date  to  correct 
this  situation,  because  of  a  lack  of  funds,  it  is  evident  lo 
the  town  fathsrs  that  anUfMaaa  work  la  nacaaaary. 

Giaithy  (BOQO  fli 

Granby  has  had  a  central  nunlelpal  water  system  for  many 
yoarss  while  heating  tha  enposed  atael  water  tank  each  winter 
was  oKpanslve  and  troubleaone.  nnat  wintera  paasad  with  only 
loosllsad  weter  natn  freeseupa.  An  unuaual  taehalqua  to 
eooibat  liaeslng  wes  to  rslse  the  street  alovatlons  over 
troubtesone  mains  so  that  these  mains  would  finally  have 
enough  cover  to  be  genemlly  sals  torn  (teeclng. 

Enough  fkeezeups  did  occur,  however,  to  make  tha  town 
undertake  a  prrigran-.  thnt  Inrl-dcd: 

(a)  Development  of  a  warm  water  well  supply; 

(hj  construction  of  a  new  underground  reinforced- con- 
crete water  tank,  covered  with  1  ,S  In,  of  filwr  gUss 
Insulation  ano  2  ft  of  earth; 

(c)  Installallon  of  main  loops  to  reduce  bleeding 
requirements  and  vst  keep  warm  watar  dreulatlng  in  tha 
town; 

(d)  uoi.ition  .tr.:i  '.-mptylng  of  the  aKpesad  atael  tank 
during  winter  periods, 

(cl  installation  of  artificial  circulation davlcaa  On  all 
new  fire  hydrant  laterals,  and 

(f)  construction  of  new  mains  with  at  leeet  9  II  of  aartfi 
cover. 

Ibe  beneficial  results  of  fliese  ImproveBwnls  will  not  be 
proven  far  sawarel  years,  but  such  a  eoonHnated  effort  een  be 
SKpeeled  to  almost  eliminate  baste  frseslng  proMmts  in  this 
oommunlly. 

City  of  Lf^JsdvUie  (10,200  ft) 

The  highest  city  in  the  United  .States  Is  Lcadvi;,e.    The  Tnunl- 
cipal  wator  sorvlcc  lljmishcd  by  the  Leadvillo  Water  Co.) 
has  always  h.jd  moior  lri.-e?.ir>g  problpns  as  testified  to  by  the 
ijryc  st.?aTi  yonerators  spaced  around  the  city.    Fire  hydrants 
wore  kept  operative  by  flushm-i  ever,'  one  or  Pa-o  days.  An 
interesting  aspect  of  the  situation  here,  however,  different 
from  the  municipally  owned  water  systems  in  other  mountain 
communities,  Is  that  the  company  took  preventive  measures 
rather  than  merely  meetirvg  the  crises  as  they  occurred. 
Boilers  Injected  live  steam  and  crews  of  men  flushed  hydrants. 
Although  these  preventive  measures  were  expensive,  they 
protected  the  large  Investment  from  possible  ineparaUe 

dam.ige. 

In  1  9  56  .1  proar.ini  Wfi",  begun  to  ill.iri;  the  Icei-zlng  problem 
methodically  rather  thu-  to  drj-  n  i  on  the  lorce  oi  live- steam 
generators  and  manpower.    The  !irst  step  was  to  develop  a 
warm  source  of  water  .vhich  flowed  the  year  around  at  50  F 
from  an  old  minirsj  tunnc;.    Collection  facilities,  a  pumping 
pl.int,  and  a  2-mlle  pipeline  brought  this  water  Into  the  dis- 
tribution system.    This  source,  capable  of  furnishing  about 
60%  oi  the  city's  winter  needs,  has  completely  eUminated 
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the  boslc  problem  In  ahou!  L.v.--h.ii;  o'.  thi'  .i:'_;ii;tniuon  5>-st«lfc 
The  20  ft  hydrani  l.i'»»r,ils  m  ih>s  portior.  ol  the  distribution 
system  have  not  Irc.^r      even  though  no  st^nciol  precaution  Is 
now  tnk'in  to  protect  those  lat«ral«.  Evldsntiy,  enough  heat 
IS  CO n a '.c tad  firon  Hha  "woim"  nain  to  pmwnt  tlw  iatsrala  Horn 
ircozlng . 

The  next  step  In  LcAdville  was  to  protecrt  the  hydrant 
latcrala  in  the  "cold"  portion  o<  the  system  without  regular 
fluablii9<  This  phase  Includes  the  installation  of  thermo- 
itatieally  controlled  heating  cables  burled  next  to  the  lateral. 
Where  aatlsfactory  flow  in  the  nttn  vxlats,  pitonfices  are 
iMWted  into  the  main  and  ooniweMkl  to  the  hydrant  baae  wrtth 
{tfptiiB  thiXMjgh  which  a  conatant  flow  la  nwlntalnad  to  aKchaiiae 
Itaa  watar  In  the  lateral. 

In  addiuoit.  malni  have  been  looped  and  ragulatlng  valvea 
InstaUad  to  cnata  mora  favorable  flow  oondiuons.  Bleeding 
of  water  nalna  U  sttll  practiced.  The  oompany  now  plant  to 
InereaM  the  ainouM  of  wanner  ground  water  available  to  the 
aysteai  tor  winter  use . 

All  oemmunlttet  plagued  with  unsolved  problems  of  freezing 
water  mains,  bytfrants,  and  services  suffer  in  many  ways- 
Bxcessiwe  tlaie  and  energy  can  be  eKpended  in  corabaUng  the 
fraeslng.  In  addition,  then  an  other  undesirable  aspects: 

(a)  Water  le  not  desNMdably  available  for  fire  fighting; 
(tt  emergency  nplacement  water,  usually  hauled  in,  is 
often  not  up  to  minimum  health  standards; 

(c)  water  is  not  available  in  sufficient  quantiues  to 
flu^  away  human  wastes  tnm  household  flxtuns  or  in  the 
sewers  themselves: 

(d)  businesses  are  hampered  in  their  operation: 

(s)  septic  tanks  and  leacdiing  fields  nwy  fraesa  up; 

(0  residents  who  drill  walla  are  often  lost  to  the  system 
as  custooiers; 

(g)  raputatlon  for  undependaUe  water  senrtee  often 
leads  to  a  poor  raputatlon  for  the  town,  dieoeuraglng  new 
rasldents  as  well  as  new  businesses: 

(h>  a  ftosen  water  aialn  often  means  tttat  a  eraeked  or 
ruptined  pipe  must  be  raplaced  or  rapalnd. 


DESIGN  ASPECTS  FOR  NEW  COMNU'NIPi'  WATCR  SYSTEMS 

The  healthy  popjlation  growth  in  Co.orido'si  mojnttuns  require* 
designing  a  water  system  relatively  free  from  froozirxj  prob" 
lems.  Design  aspects  that  should  be  considered  and  incor* 
panted  into  the  system  era  listed. 

Covta  Death 

If  water  mains  end  services  can  be  laid  with  bom  7  to  •  ft  of 
cover,  the  time  Ihet  they  an  within  Hat  boat  aona  (ranging  to 
10  or  II  fO  is  sheitened;  thus,  tiie  (raoaing  faasard  la  lassenad. 

Warm  Water  Supply 

The  ground-Water  temperature  Is  usually  found  to  be  approxi- 
mately equal  to  the  mean  annual  air  temperature.   A  water 
supply  of  about  38°  to  40' F  will  provide  enough  inherent  heat 
so  that  the  safe  heat  content  is  readily  measurable  throughout 
the  distribution  system.    The  heat  content  can  then  b«  used 
as  an  operation  criterion  in  that  circulation  needs  can  be 
determined  more  accurately  by  the  ragular  use  of  a  theimometer. 

Double  Service  Lines 

Two  pitorifiees  can  be  used  to  a  seiviee  line.  (A  pliorlflce  is 
a  pilot  tube" like  projection  for  insertion  into  a  water  main  to 
scoop  up  flowing  water  so  that  It  can  be  piped  to  the  base  of 
a  flra  hydrant  and  create  circulation  through  the  hydrant 
branch  back  to  the  main.)  They  face  opposite  directions  and 
each  is  connected  to  a  service  line  pipe,  which  in  turn  Is 
connected  at  the  curb  stop.    The  flow  in  the  main  will  create 
flow  In  the  jcubl;";  service  line;,  '.vhcithe:  t;-.i'  curti  stop  is  open 
or  closed.  service  line  beyond  I'r.o  c^rij  stop  can  be 

drained  either  from  the  residence  or  by  nsinf}  a  stop- and'ifeain 
curb  stop  when  the  service  slopes  toward  the  oiain. 
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Hydrant  lateral  Wlpflfiees 

Artlttelal  eifmilatloa  in  the  hydrant  leterals,  when  adequate 
aialn  flews  eadst,  can  be  maintained  by  u*tng  pitocltleoa  la- 
eaned  in  the  mains  and  connected  to  the  hydrant  heao  or 
lateral  end  by  adequately  sized  tubing.  Watar  main  velocl- 
tles  of  about  0.5  to  0.7  ft/see  urauM  be  satlsfaetefy  nintmine 
for  protecting  laterals  Of  normal  lengtiis. 

Hydrant  Lateral  Heating  Cables 

In  locations  on  the  distribution  system  where  flow  characterls* 
tics  are  not  satisfactory  for  the  operation  of  artificial  circula- 
tion devices,  hydrant  laterals  may  be  protected  by  laying 
buned  heating  cables  next  to  the  lateral  with  one-half  of  the 
loop  on  each  side  of  the  pipe.  A  thermostat  can  be  placed  on 
the  pipe  to  reduce  power  oonsumpuon.  set  to  begin  heaung  at 
a4*P  and  to  turn  oft  at  about  3^  P. 

The  prasence  of  planned  bleeders  at  cnucal  points  on  the 
distribution  system  is  convenient  when  it  is  determined  that 
water  must  be  wasted  to  replace  cold  water  with  warm  water. 
Bleeding  through  hydrants  is  not  satisfactory  because  the 
waste  water  eauaes  icing  of  the  streets. 

Properly  Looped  Mains 

Flow  dlagrama  of  iho  proposed  dutributlon  system  wti  i  indi- 
cate wham  WM»  loooe  sheuM  be  i^ced  to  ensura  against 
still  water  or  very  slowly  swvlng  water  in  0ie  mains.  Regulat- 
ing valves  an  useful  In  eentrolling  flows  in  the  various  loepe 
wbara  the  main  alses  an  dictated  by  other  oonsideratlons. 

Design  techiriques  must  be  economical  if  they  an  to  be 
suoceesful  in  their  application  to  freezing  pioblons.  npe 
eovera  of  7  or  8  ft  en,  i»f  course,  mora  expensive  than  a 
more  normal  pipe  cover  of  S  ft.  Indicated  dlfferenees  In 
contractor  prices  of  these  covers  have  ranged  from  about 
$0.2S  to  $1.35  per  linear  foot  of  tnnoh. 

Developing  an  altsraate  warn  gnund-watar  source  lor 
winter  use  may  at  first  appear  to  be  uneeononleal.  When  the 
beat  content  is  conslderad,  however,  a  supply  of  500  galAiln 
might  be  fOund  equivalent  in  heat  benefits  to  faumlng  nearly 
$00  tons  of  oeal  in  a  boiler  per  season  tor  atoaa  inloctien 
puipeses. 

ntonttoes,  double  serviee  line«r  failed  taidta,  and  ether 
tedtnlques  have  shown  ihelr  eeonosiy  in  pnetloe  and  am 
readily  accepted  by  oosi-ooneelous  buelneesaen  end  dty 
eouneUs.  Bvea  the  use  of  hydrant- latsml  beating  cables  ■ 
when  anmial  power  caste  an  eoneldaied,  la  nion  econooitcel 
than  manual  flushing  at  regular  IMsfvale. 

Of  antlfteeae  methods  the  nost  uneoonomesl  fsr  Cdondo 
coauBunitfes  has  been  that  of  beating  water  by  oonmllaed 
stsaa  genaraton.  In  this  aasie  oategoiy  la  the  uao  of  heat- 
ing cablaa  to  beet  novlng  watar  In  sialn  Unas.  FnbaUy  luat 
as  uaaooaoaHeal.  however,  la  to  permit  a  fitoaaeiip  and  then 
ettempt  to  thaw  tiie  loe.  In  one  small  oomaiunlty,  trhan  total 
cost  of  the  wenr  system  was  $80. 000,  the  iraealng  probleiaa 
In  a  single  winter  cost  the  coaununlty  diieetly  at  least 
I2S.000  In  nplacement  of  mains.  drUUng  of  eeMfgeacy  weUe. 
and  laaffeetlve  thawing  attaaipta.  In  aaotiiar  oonmuBMy,  a 
frocea  408  ft  aaetion  of  8  In.  SMln  In  ftOMa  greund  cost  about 
88000  to  nplace. 

FOLD  OBflEmmBONS 

During  field  construction  and  inspections  or  special  investi- 
gations, osftsin  observations  have  been  made.   Some  of  these 
data  are  listed  below  in  the  event  that  they  might  be  of  velue 
to  other  designers  of  water  systems  in  cold  raglons. 

Heating  Cable  Power  Consumption 

A  tot.il  c'.  1  3  he.itir-jj  able  uiiits  are  prest-Miy  j :i :,M llfsd  in 
Le.Hdville  tc  (.roll!!:!  :;re  hydrant  !.-.lt!:.ilr.  dunng  the  period 
generally  ratvgirkg  from  January  1  through  about  April  IS  of  each 
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Tha  tivMag*  daplh  of  oov«r  is   ft,  and  th*  Mil  oon* 
alata  of  wall  dmlnad  aand  and  giavol  eentalnino  aonM  clay. 
Iha  latatala  an  laid  undar  aajphalt  mad  siufaoat  and  gaoaially 
an  not  ahadad  by  buUdinaa.  no  leada  am  kapt  elaaref 
anaw.  Iha  avamffa  pswar  faUl  la       M.  mpmaontinv  an 
avaraga  of  462  kw>heura  of  pomr.  Bach  haattOQ  cabla  la 
•qulppad  tfllh  a  dMoaoitat  iot  to  tuni  on  at  34*r  and  off  at 
3«*P.  Half  of  Qia  unlta  w«i«  in  operation  all  the  time,  while 
tha  ranalndar  niivad  Iiori  1>  to  SIX  oparatton  ttmo.  It  haa 
net  baan  datamlnad  why  audi  a  iaigo  ranoo  of  opantton  tlna 
axtata«  and  fuMhannara.  why  tiio  hy*ant  lataial  nqiililng 
only  im  opanMon  tlna  waa  orialnally  liw  latanl  noat  a«b» 
Jaet  to  fn«lna  pmMaaia.  floaia  of  tfa*  haatfnv  eahlaa  Iwva 
baan  In  operation  tor  tour  wlntar  aoaaona,  and  to  data  do 
hydrant  equipped  with  a  heating  cable  haa  bean  troubled  with 
fitaezinq. 

Water  Tran«mls»lon  Uno  Heat  Logg 

LeadvlHe's  Canterbury  Tur^nel  Pipeline  Is  cast  Iron:  It  consists 
of  2000  ft  of  8  in.  pipe  and  8000  ft  of  12  in.  pipe  iiid  with 
7  ft  of  cover.    The  pipeline  is  bedded  on  6  tn.  of  sanJ  with 
12  In.  ot  s.3nd  directly  over  the  top  of  the  pipe.    The  soil  Is 
well-drained  sl-scial  dcbns,  largely  cobbles-   About  60%  of 
the  plFolinc  Is  laid  in  an  open  rajht-ol- way  passir/:j  through 
a  heavily  timbered  forest,  while  the  rerr.amder  lies  adjacent 
to  a  highway  In  open  country. 

The  water  tegln?.  i;.";  flow  in  the  piDsljr.o  a:  a  constant 
50°F.   Tests  w.-  .-      •■-anu-d  on  thi  ;  .^'  i  -i^  In  early  February 
1960,  following  a  J.jirjar>'  whtjn  thu  avet.nji;  mlnlrouni  tempera- 
ture was  4.  8°r  and  tho  average  maximum  was  26.  o"  r.  The 
average  preceding  December  temperature  was  22.  9'  [  .  The 
reported  frost  depth  in  the  lorest  was  3  ft;  at  the  t;nc  of  the 
observation,  approximately  1  ft  of  snowpack  was  on  the 
ground.    Several  Observations  showed  that  with  a  flow  of 
560  gal/ mln  in  the  pipeline,  the  temperature  change  from 
taaslnnlnQ  to  and  of  tha  Una  waa  6aai  SO.O*  to  49.B"r. 

Hydrant  Lateral  Pitorlflce  Flow 

A  one-in.  Mueller  Pitorlflce  installed  in  a  6  in>  cast  iron  main 
at  Leadville.  and  connected  to  the  hydrant  faeae  with  1  In. 
copper  tubing,  was  tested  for  effectivenesa  in  circulating 
water  through  a  hydrant  lateral  20  ft  long  and  4  in.  In  dla. 
A  3  ft  tection  of  clear  Luclte  pipe  was  Installed  in  the  I  in. 
copper  tube  line.  With  a  flow  of  approximately  80  gal/min 
in  the  6  In.  main,  vegetable  dye  was  injected  Into  the  Luolta 
tuba  and  the  velocity  waa  aiaasumd.  It  indicated  a  flow  of 
0.43  gal/min.  This  flow  thraugh  the  hydrant  lateral  eiaa  eom- 
puted  to  be  epproximately  IS  utnei  that  naooaaaiy  lo  safely 
eliminate  the  Iflti^ral  freezirig  hozatd* 

frlsoo  Water  Teroperature  Change 

At  PHsco.  water  at  40*lP  enters  an  tin.  asbestos- ceaM at  supply 
lino  approxunataly  2M0  ft  from  the  distdbuUen  ayataa.  Iba 
supply  Una  la  burled  at  an  average  depth  of  2  ft;  at  tlOM  of 
ebaawatlon,  fha  aimly  Una  hed  a  snow  cover  of  about  2  ft. 
tha  dMtlbation  ayataa  haa  an  averege  soil  cover  of  about  S  ft 
of  trawol  and  eobUoa  under  vravol^autfaoad  adoata  kap*  oloar 

Water  taaiperatures  were  observed  at  a  hydrant  at  tha  far 
•nd  of  the  dlatnbuuon  system.  In  addiuon  to  the  2600  ft 
through  the  supply  line,  the  water  had  traveled  through  a  S  la» 
and  two  4  in.  loops  in  the  distribution  system,  having  a  total 
length  of  one-half  aula.  A  temperature  change  from  the  ortgl- 
nal  40°  to  36°  r  was  obaaived  while  (luahlng  the  hydrant.  The 
•otfawtad  water  traval  tlna  ton  tha  wall  to  tha  hydrant  waa 
•bout  67  fliln  under  existing  flow  eoitdlttona. 

Pbrt  Collins  Supply  Une  Temperatures 

An  old  10  tn.  Kalomaln  water  supply  line  from  a  storago  (OMT- 
trolr,  18  ft  in  depth,  to  tha  city's  distribution  system  was  laid 
tfamugh  agricultural  land  at  a  depth  ranging  from  3.  5  to  4  ft. 
The  line  is  about  three  miles  long.  Pent  leveling  raduced  the 
cover  for  about  SCO  ft  to  an  avarago  of  appmKfaaataly  22  in. , 
with  a  Biltilniuw  cover  of  17  In. 


The  flew  in  Iho  plpalliM  la  a  nlattvaly  oonatant  0.  S  mUUan 
gal/day  during  the  winter.  An  analytical  study  of  the  hezard, 
uiiag  a  oyllndncal  shall  heat  flow  appmach.  indlcatod  that 
Iha  %ratar  tanparatun  would  not  drap  halow  24.1*F  under 
opantlog  oondltlona  and  that  tha  Una  oould  be  abut  of f  for  iip 
to  fbur  daya  baton  it  would  froexe. 

Water  tampanturas  in  tha  plpallna  «faca  maaauvad  during 
January  and  Fabnianr of  1N3.  3ho  amngo  «lrl 
tor  lannaiy  waa  17*r  wMi  aOntwrns  tor  tha  I 
•  2S*y.  Bxperlance  erlth  almllar  raaarvMra  tndlaatad  that 
water  tanparatuna  at  tha  outlet  towaid  tha  and  of  January 
wan  faalwaen  36*  and  38I*P.  On  Pokruaiy  6  a  lew  tanparatun 
of  36*r  waa  raoordad  at  tha  nlMnun  ee«or  aaetlon.  indicating 
a  water  tanparatun  drop  in  tho  plpallna  of  Cmn  I*  to  3'P. 

Ground  Temperat  jre  Obsgr-'atlcn  on  Berthoud  P.^sy. ,  Colorado 

The  BerthO'.;d  Pass  avalanche  .station.  11,31S  ft  high,  was 
vlsr.cd  dunr/3  the  first  week  of  Janu.ary  aftPi  a  small  snov/fall. 
With  one  ft  of  snow  or.  the  ground,  the  tt>mp<!r.:itu:c  h<^twceri 
the  soil  and  the  3r,ow  waa  rm^asurt'd  at  IS"!'.    Ta-o  weeks  later 

the  snowpack  increased  to  three  <t  end  interface  temperature. 
to32*F. 

OOMrUllMG  niBBIMG  HAZARD  Of  nPBLUm 

Iha  profalam  tn  Colorado  of  datamlnlng  what  daaign  atapa 
ahould  aaf^uaid  propoaad  water  plpaUnaa  or  pntaet  axlattng 
plpallnoa  haa  baan  handled  by  an  anpMoal  appioacb.  For 
iBHanoa,  tha  aneunt  of  poww  raqulrad  by  a  haattng  eaMa  to 
pnvaat  a  4  to  6  in.  hydrant  latanl  ftom  iraaalna  undar  certain 
air  tanparatun  and  aoU  oondltlona  la  uaad  to  approaelmate 
other  haat-laaa  rataa.  Raooida  of  ttm  nam  between  hydrant 
fluahlnga  aacaaaary  to  }uat  raatdi  a  aluah  loe  flow  bom  the 
hydrant  heve  also  been  helpful,  aa  have  the  tamperatuie  drop 
observations  on  operating  | 


2  U  (t^  -  t^^ 
■      In  b/a 


(1} 


where  H  is  heat  flow  in  Btu   hour,  1.  is  length  of  pipeline  in  ft, 
K  IS  thermal  conductivity  in  Btu   hour  times  ft  tines  °F,  t^  is 
°F  of  water,  tj^  is  °T  of  cjpound  at  outside  of  tonperriture 
gradient,  b  is  radios  of  outside  pennpter  of  temperature 
gradient  in  ft,  and  a  is  r/omir:!.  Tii.-Ai  j;  pipeline. 

Equation  Ci)  for  heat  current  tliiough  a  cylindrical  shell  Is 
utilized  lor  basic  relatioi.5:hIp$  betwerr.  the  empirical  data  and 
the  prognostications  on  freezing  hazard  on  a  proposed  pipeline 
Thf  e4uatio:i  leaves  adequate  cpportunlty  for  engineering  Judg- 
ment by  pcrmittlrig  the  choice  of  tho  parameters  (K.  tjj,  and  b) 
In  Its  use.    Use  of  the  equation  for  gravelly  and  well-drained 
soli  m  Colorado's  mountains  irvdicates  that  conservative  re- 
sults are  obtained  by  a  K  of  about  One  Btu/hour  times  ft  times 
"F,  and  by  a  difference  between  a  and  b  of  about  C.S  ft  for 
pipeline  sizes  from  A  to  10  in.    The  values  of      and  tj,  are, 
of  course,  determined  by  engiiweilng  Investigations  and  Judg* 
ment  and  often  am  In  the  nwgnltude  of  36*F  and  2S*F. 
respectively. 

Direct  conversion  relationships  are  useful  from  one  com- 
munity to  another  by  utilizing  known  hcat-loss  factors  in  terms 
of  Btu/sq  ft  times  hour,  where  the  area  dimension  is  the  out- 
side area  of  the  pip«iine  per  tuUt  of  length.  ludgment  changes 
can  easily  be;  made,  depending  on  sonewbat  dlffarant  soil 
conditions,  depth,  or  surface  vegetation. 

Some  enalytical  approoches  to  freezing  problems  depend 
primarily  upon  a  freezing  Index  computed  from  tho  mean  Of  Ifao 
daily  maximum  and  minimum  air  temperatures.    The  fraating 
effect  for  the  day  Is  measured  by  the  number  of  degrees  of 
frost,  which  is  the  difference  between  the  mean  and  the  freoz- 
ing  points.   For  any  period,  the  running  total  of  these  dally 
degrees  of  frost  gives  degree-daye  Of  flOSt,  and  IfaO  total  fOT 
a  winter  gives  the  freezing  index. 

Measurement  of  frost  depths  In  CoIoradO'a  flKMUttains  Indi- 
cata  that  other  factors  to  be  conslderad  an:  Whether  a  peve> 
ment  is  esphalt-  or  gravel-surfaced:  whether  the  area  is  suhlact 
to  high  wiadat  whether  tha  anow  la  cleared)  or  whether  vege- 
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tatlon  cover  Iricludcs  trees,  l  ushps,  ur  weeds.    These  Inctors, 
as  well  <io  soil  typn  ,^n■■i  intnstu:*'  content,  seem  to  h.ivo  nr. 
eflet-t. 

Many  I.iirtcrs  ire  rel-ited  to  rri  ll.ition  characteristics  for 
both  long -wave  jr.d  short- w,iv.j  radiation.    In  Colorado,  whe» 
the  skies  are  usually  clear,  both  fiositiv.;-  ,'irid  neT.itive 
radiaticri  are  apparently  Important  in  for.i-castinri  frost  depths. 
A  published  frost  nomograph,  for  instance,  shows  froat  depth 
of  about  S.  S  ft  for  a  freezing  Index  of  1500  in  .1  p.ivi  inont 
surface  with  well-drained  sand  and  grnvol  suh'ioi).  In 
Loadville,  whore  tho.  freezing  Index  usjally  [.jn-i  Ironi  !  JLiu 
to  perhaps  1600  from  year-to-ypii'.  the  depth  oi  trosl  urKicr 
asphalt  rondWiiys  roochos  U  or  11  (t. 

Where  it  IS  inpractlcal  to  install  water  mains  below  the 
frc5t  lire    the  temperature  gradient  between  the  frost  line  and 
the  ground  surface  is  Important  in  determining  ground  tem- 
peratures surrounding  the  pipeline.    Soil  temperature  datfl 
collected  at  Fort  CoUlns  and  generally  ob.ierved  in  the 
mountains.  irvJic.Tt<;  that  a  t«mperature  gradient  of  2^r/ft 

ooours.  Thi*.  oi  couTM.  varlM  with  soil  characteruucs. 
MOMTER  OPERATION  PROCEDURES 

The  most  elaborately  designed  water  tystem  to  obviate  Iroezlng 
probu-ms  has  iitile  chance  to  (unction  prop«rly  with  impropar 
op<-ration.  It  Is  th*  dttty  o(  tha  design  enginear  to  make  sura 
that  onoa  tha  system  or  impTOvem«nts  are  put  into  operation, 
the  operating  personriol  know  exactly  how  and  why  certain 
iunctlona  ara  to  be  parfonned.  Ihe  anginaar  should  kaap  In 


touch  with  ihe  jjrojed  for  at  Icost  several  winter  ■.-f.-n.cms  to 
.ielenrane  ihc  ef  li-ri ivenes s  of  the  intlfreeze  tiThnlq-..es  .ind 
to  m.\#;e  le-.tL-  .jntl  oliyervations  to  collect  v.jlu.-rbte  d.!it.T  for 
use  on  other  systems  ir.i  tc  ;r.creas«  generally  the  recorded 
Information  on  this  sk,bject. 

T»»mp<»rature  readlriga  must  be  taken  and  recorded  at  critical 
points  in  the  system  on  a  regularly  scheduled  Imsis-  These 
readings  forewarn  the  operator  of  mpondinc;  freezing  problerriS 
and  provide  for  prevertive  rie  isures. 

As  the  cole  winter  months  it  proac.-.,  .»nd  where  an  alterriate 
sourc.;-  is  available,  the  operator  must  place  the  aaxiliar/ 
warm-water  supply  into  operation  and  s.Tut  down  the  cold-svater 
supply  that  1.1  riot  re^u.rej  for  these  months.    Valves  shc^ld 
t)o  set  to  obLiir.  the  dr  sirej  circulation  partem  in  the  system. 
Bleeders  should  be  ir'.';pi-ctt»d  to  ensure  their  oper«tion.al  readl* 
nets-    Re^'jUtlrvg  valves  must  be  adjusted  so  lh.it  proper  flow 
Is  Obuiiieii  in  each  brar>ch  of  looped  line  ;. 

Throughout  the  winter,  (low  and  water  temperatures  at 
bleeders  must  be  mortitored.    Ice  accumulations  at  bleeders 
should  be  removed  to  lessen  the  danger  of  the  bleeder  ItsoK 
freezing  and  so  ervlangenng  the  portions  of  the  system  pro- 
tected by  the  bleeder.    Should  the  water  drop  to  32°  T  or  the 
flow  lessen  appreciably,  the  water  lines  must  be  flushed 
tnmadiately  to  recnove  any  tlush  lea,  and  tha  regulating 
vahras  must  ba  adjuated  for  rapid  fiaplMamant  of  cold  water 
with  warmer  water, 

E.!ich  system,  of  course,  has  its  individual  operational 
problems.  .Mowaver,  In  all  cases,  the  key  to  stiooeteful 
oparatlon  1*  regular  surveillance  and  dete-ieoordlng  by  0ie 
watar-aystan  eparatar. 


DAMS  iN  PERMAFROST  REGIONS 
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At  present,  experleitce  with  tha  construction  of  dams  and  other 
hydrotei-hr^lral  structures  In  permafrost  areas  is  lacking  when 
compared  with  experience  on  civilian,  industrial,  transport, 
and  other  engineering  constructions. 

Though  the  first  dam  built  in  Russia  on  the  Mykyrt  River  at 
Petrovak-Transbaikal  '1.  2]  in  1  792,  is  still  operating .  there 
has  long  existed  the  belief  that  dam  construction  on  permafrost 
must  inevitably  present  lnsuper.iblc  diHicuities.    ThiL;  miscon- 
ception arises  from  several  unsuccessful  attempts  to  construct 
ar>d  operate  dams  In  those  reaicns  ^.'-^jj. 

In  1916.  A.  V.  L'vov  L      sornrren  up  ard  suggested  con- 
Sidor.jtions  concerning  the  basic  prirc;p.es  of  d-irn  construction 
on  permafrost.    In  19J7.  E.  V-  Elizryak  .hj  clearly  tormulated 
those  principles. 

Later  they  were  developed  by  .nvestnators  and  engineers, 
who  agree  that  dams  should  be  built  by  t?ith^r  the    wartr."  or 
the  "cold"  method,  but  not  both  tt-causo  ot  possible  .lamaje. 
The  warm  method  is  much  the  sane  as  building  under  normal 
conditions;  but  tlie  jr.ev. table  tJia-vuig  01  Iiozen  qro.::,d  in  the 
dam  foundation  .i.-id  ij.ir-.k.-i  o;  tta-  ..torage  reser.'Oir  x':'j:  .jlways 
be  consid<^reii ,  :.o:jr-j  aJ.  po?;:;ibH*  effects,  incl  jiiiny  water 
peicolalion  jiidet  .if.d  .itourd  the  da.m  Ixidy.    In  the  cold 
rrie^IhoU,  Ix^-tr.  lo  .nil.ifior.  and  txady  of  the  liarr.  'when  built  of 
local  earth,  reckfjils.  etc.)  or  the  foundation  alone  (when  the 
dam  consiEV;  of  rcncrcte.  reinforced  concrete,  etc.)  should 
be  kept  troren  for  the  duration  ot  the  aam.    Here  the  frozen 
ground,  hov.ra  high  fc-earint;  capacity  and  impermeability,  can 
be  used  sucre3sfu;;y  as  a  dam  foundation,  impervious  core, 
or  screen.    N'.eanw.Tlle .  measures  are  taken  to  prevent  ice 
melting  or  possible  water  seeparje  thro-nh  stora-ie  reservoir 
banks.    Various  dams  In  north  and  northeast  USSR  have  been 
built  by  both  methods  and  are  successfully  operated. 

Factors  that  determine  the  type  and  design  c:  a  dnn  are 
ground  and  foundation  conditions,  transportation  difficulties 
such  as  delivery  ol  building  material  to  the  site,  character  ol 
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runoff,  climatic  conditions,  and  thermal  conditions  of  the 

structure  and  its  foundation. 

Part  ol  the  dam  foundation  Is  subjected  to  thaw  by  the 
reservoir  water  he.it.    I!  the  frozen  ground  ol  the  th.iwlr^g  sub- 
iKisc  Is  not  subjected  to  considerable  and  unequal  settlement 
while  keeping  its  l-  aiinc;    'p.Acity.  .md  If  its  impermeability 
does  not  decrease  substjiituUly ,  the  warm  method  of  dam 
construction  can  be  used  successfully  for  foundation  construc- 
tion-   Moreover,  such  dams  will  closely  resemble  In  design 
those  bull:  -n  temperate  reijions.    If  thawirfj  of  the  foundation 
leads  to  substantia,  de rorin  itlon ,  the  dam  should  be  built  by 
the  cold  netnod,  usin'7  "t  specially  daalgned  dam  and  a 

speciuJly  prepared  :oundation. 

Both  types  of  dam  are  ii-ill  eluefly  w.th  ;oral  rock,  soil, 
peat,  rnoss.  ice.  and  pnow  lun-.r.jsc  transj.-iart.itKin  m.ikes 

O'.fler  ni. iter  1,1 ;  ■;  very  :ev;perir;IVe. 

li  itii'i  bui.t  hny  the  w,ii:r.  .-nethod  are  Illustrated  by  two  earth- 
fill  dari  'i  i  uili  ;n  1932  to  supply  the  stations  of  Skovorodino 
and  M,ijd  .tjachi  .2.  <)]  with  water.    These  dams  wore  con- 
structed Innc;  l:4:fore  Leslc  principles  were  specified,  I.e..  by 
ordirar/  construction  rules  kr>own  thor,.    Accidents  wore  fre- 
Tjucrt  an  I  builders  were  v^orriod  as  well  as  the  operating  Staff, 
With  norma,  operating  conditions,  deformations  became 
stable,  and  since  then  operation  has  been  faultless. 

The  first  dam.  7  m  high,  was  built  on  the  Pravaya 
Matjdac;acha  River.    A  vertical  concrete  diaphraym  runs  across 
the  center  of  the  dam.    The  dam  in  Skovorodino  was  built  in  a 
dry  ravine  wit.i  a  clay  puddl-.-  core.    At  first,  water  leakage 
w.i.^  .1  common  ditswback  lot  Ixstli  dans;  therefore,  water 
takeoff  galleries  were  provided  frtm  the  downstream  side. 

The  .■sp<:>cl-5l  feature  of  d.^T.s  built  with  local  materials 
(eaiihtii;.  rockfull.  or  IxafhJ  and  by  the  cold  method  Is  that 
thv  (roicn  ground  or  Ice  ir.  them  is  a  .<itablc  and  impermeable 
maternal  (Fig .  la)  17]. 

Examples  of  design  and  taultloss  operation  ol  such  dams 
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CDi  W2i2  innij 

Tig.  1.    Typic.ll  ili.!! grams  '■>'.  earth  dams 

(1.    Impervious  oam  with  frozer.  soil  for  stability  Avji  water 
tlcj.-itness.  b.  pervious  dam.  1  —  zor.e  o:  permsnently  th.-iwed 
soil;  2— zone  of  permanently  Irozer.  .so.l;  3 — zono  o(  altertiating 
thawing  and  freezlr/.^;  4— zor.u  iP.  which  it  if.  necer^s-sry  to 
freeze  naturally  unfrozen  ground;  and  S— zone  tn  which  It  Is 
(toairabte  to  thaw  pnvleusly 

■ra  tiM  wrth  •tructura*  In  Norfl'tk  (lO  n  high  [s3  wid  S  ai 
hltfb  [2]  on  (be  Mtaunlo  Mvar  in  the  baatn  of  tha  Rolyaw 
Rlvari .  BMb  wwB  OIM  with  Aonn  aoU.  Spaelal  ntriQarat- 
iBB  inctaltotloiia  kept  undargiound  flowa  and  body  of  fh*  dam 
fioaan  during  camatruetten  and  lha  Initial  yaara  of  eparatUA. 
Aa  aoen  aa  tho  given  tanpantwo  waa  faachad.  opantlon  of 
lha  inatailationa  waa  atoppad,  and  alnpa  than  Dm  fioaon  atata 
of  tho  com  and  daai  body  haa  baan  oielntalnad  by  two  dlftocaat 
aiadMda.  On  lha  downatraani  alopa  of  flte  Noril'ak  Dam,  lea 
gallarlaa  trary  slaiUar  to  lee  atoiea.  wan*  built  ualng  M.  M. 
Xiyleir'a  aethnl.  In  winter,  natural  vonUlMlen  wee  provided 
In  the  loa  gallerlea.  whereaa  tn  aummer  they  were  effeetlvely 
Inaulated.  To  nalntaln  Hie  raguliod  teaipentufo  of  the  Mtaunjo 
Deal,  the  cooling  aysten  remained  ofter  dan  treeilng  waa 
finiahed.  Thia  ayatem  oonalata  of  aawenl  vertloal  plpea  and 
nanUblda.  Gold  air  la  Uown  duougb  the  ayateia  In  winler. 

Ihe  thetnal  Inertia  of  the  dan  la  aufllelent  to  retain  winter 
oooling  during  the  aunanr.  The  dlmate  la  theae  regions  is 
favoteUe  far  normal  operation  of  di*  daaia.  A  dam  of  almllar 
doalgn,  44  m  hlffh  and  427  m  long,  «*as  acfaadnled  to  be  oon- 
Btnieted  in  1963>64  on  the  GhatanilEa  River  (appiexlBntaly 
97  km  noithweat  of  Fairbanks)  as  pointed  out  by  R.  Moneon 
(SL  Dealgnlng  and  operating  such  dans  provldea  data  to 
fmulate  aome  prlndptoa  of  daalgn  and  anangement  of  ooM 

In  audi  a  dam  One  painaftoat  area  occupies  the  downatraam 
aide  of  the  dam.  whatwa  tte  aoiie  of  permanently  thawed  soil 
occuploe  the  upamen  aide  <I1g>  lal .  Ihe  froien  downsmam 
aide  (dam  ooia)  la  an  InpeimeaHe  aenen  Oiet  wilhatanda 
water  preaawe. 

Water  retention  amngemeata  should  not  be  placed  in  iho 
melted  upatMea  sMa  and  eapeelaUy  not  along  A*  u^aliiaam 
alope  of  the  dam  baeauae  deisimatlon  of  tfaa  thawod  none  sella 
■lay  eauae  daaiage. 

The  upper  xena  of  the  dam  serves  as  a  thermal  Insulatlen 
layer>  Ihemal  insulating  screens  are  reoommended  along  the 
upatiaam  slope  t9]  to  protect  the  frozen  zoi>e  from  the  heat  of 
tiiia  MMod  water.  Close  contact  between  frozen  and  melted 
awienala  of  the  dam  is  achieved  by  such  a  slope  of  the 


boundap,  surfaoe  SO  thet  the  two  aonea<  thawed  and  ftoiea. 

overlap . 

Dam  strertgth  is  determlnoii  py  thi?  'th^pi-  o!  ihc  interface  of 
thawed  and  frozen  msterlsls  .ind  nisc  iiy  thi:  voluirnr  ol  the 
frozor  :iri"!a  comp.-irod  with  the  tcMrtJ  '.■oluirif!  o'.  Wm.:  d-im. 

The  n!!(.efis.ity  tenipet.it un-  ot  thi;  ;l..ini  iihoul:)  r:.;t.jbllshad 
during  constructloti.    Thf  rljrn  ;o'.:r-.!ljt;or.  under  the  frozen 
zone  shnul.i  b<.  icliably  frozen.    Underflow  taliks  must  be 
fro/.on  myuthor  with  the  fD',.rid.ition-    The  section  of  the 
tOund<ition  under  the  Ticltod  part  Of  the  dam  should  melt 
beforehand  in  order  to  decrease  auhaequent  aettlementB  CaOll 
replacement  is  also  possible). 

By  the  ti.Tje  thff  storage  reservoir  is  flS.i^d,  the  frozen  zone 
should  be  fully  or  partially  formed  so  as  to  m.ike  the  dam 
Impermeable  during  the  initi.il  ye.its  ol  oper.'tion. 

Control  of  the  dam  tomt^erature  should  keep  thi?  frozen  zone 
within  dimensions  that  prevcr.t  soepaye.    Cooling  frorr.  inside 
is  Qchloved  by  using  vertical  pipes  throui;."!  which  cola  air  is 
pumped  in  winter.    A  rcfrlyer.:!tion  plant  ha-i  been  used  suc- 
cessfully    Cooling  ts  .-^Iso  possible  by  using  horizontal  pipes 
wells,  a  nd  ijallene  5  . 

Cooling  trorn  the  iiowiistre.ani  slopv?  >*;  donfj  by  retrtovmrj  the 
snow  froni  the  slope  and  building  a  wooden  shelter  to  prevent! 
fa)  He.itiny  hy  raciiant  energy  ;n  sunnier,  and  (b)  therrT..Tl  in- 
sulation by  snow  rover  ir  winter-    The  best  effect  is  obtained 
by  building  snow  and  ice  tjalleries  on  tne  downstream  slope 
covered  from  above  with  noss,  peat.  ;!nd  sawdust-  These 
!3-illeries  are  ventilated  in  winter  and  ire  protected  from  pene- 
tration of  warm,  air  in  sumner.    With  this  the  zone  of  change- 
-ible  thawing  and  freeztng  (Fig.  la)  la  eliminated  or  decreased, 
and  this  leaeona  defametloa  of  the  dam  aurfaoe. 

In  moat  eaaea,  tiio  ihemal  inartia  keeps  the  dam  cool  over 
the  next  aumaiar.  IbaBefaio.  amngeoMnta  to  onaure  added 
thermal  Inertia  (atodta  of  ice.  eapeetoUy.  aalty  lea)  an  not 
lequlied. 

The  dam  abutswnt  to  the  valley  flanka  should  provide  dliect 
eontaot  betwoen  the  ftoieB  lone  of  the  dam  body  and  tho  par- 
maftoat  of  the  elepea.  Ihe  line  of  eoollng  boraholea  in  the 
dam  ahould.  iheiotoio,  oentlnua  toward  the  valley  flank. 

The  tlorago  reservoir  water  wlU  neoeeaarlly  thaw  tho 
giound  by  washing  the  valley  flanka,  eaualng  a  thawed  sone. 
Tb  decrease  the  undesirable  daforaatlon  caused  by  dwwlog  of 
upper  layers  of  tho  volley  flank  (Ussurea.  tbonaakarsts.  land- 
alldea,  «te.) ,  it  Is  useftil  to  cover  the  valley  flank  tn  the  dam 
ombanknont  with  a  leyer  of  aoU  (inaulatlng  acreefj .  The 
thawed  tone  of  tho  dam  and  that  of  the  valley  flank  should 

MJolnlag  the  ImpeivlOtta  dams  with  Mhar,  pacvlotti.  struc- 
turea  la  inherent  to  hydroeleetrto  statlona  en  large  rivers  with 
eontlnuoua  tellka.  In  eueh  eaaea  tho  Inpacvious  eerdiflll 
dame  attad  on  tenaeea  above  the  tloed  plain  should  be  eon- 
naetad  to  the  parvlena  eerOiflll  dame,  apUlways,  powei^ 
houaoa,  or  naMgehle  ioeka  looatod  en  the  nonbeexlng  river- 
bed. Ml  the  bullt-ln  oooUng  eleswnts  of  the  structuies  (bore- 
holes, wells,  gallerlae,  etc.)  should  guide  the  heat  brought 
by  InflltraUon  to  Oio  Junetlon- 

Any  seepage  In  «  dam  In  i^ilcb  Hw  htnen  soil  la  uaed  aa  a 
stable  and  impenaoable  material  Is  dangerous  and.  Iheratore, 
should  be  avoided,  lb  leaaen  damage  by  sudden  Inttltrauon, 
It  la  well  to  use  a  loam  «oi«  and  drainage  In  the  froaen  sona. 

For  enaigeiMV,  It  la  also  ndvltaUo  to  liavo  a  boring 
machine,  a  mobile  rafngentlen  plant  and  pipes  In  raeeive 
to  feeoie  any  auddea  infiltration.  A  postaettlemem  rapelr  of 
the  dam  may  be  needed  to  taeekflU  «ha  upper  thetrad  aorm  In 
which  aettlemeat  la  aioat  Ulurily  to  occur. 

Coastruetlon  and  long  tlae  operation  of  earth  danu  In 
which  fnsen  mML  la  need  as  a  Btrong ,  Impeniieable  ftnindatttm 
prcvos  that  sllty.  Ice- saturated  soils  with  ice- lenses  can 
serve  as  the  foundation  CS,  7,  10]  .  Ihls  practice  pertains 
nulnly  to  small  dams  with  heads  of  about  10  m. 

Generally,  rockfill  dams  have  the  same  temperature  regime 
as  earth  ones.    Therefore,  the  impermeable  diaphragm  In  them 
should  be  built  in  the  middle  or  on  the  downstream  side.  For 
an  impermeable  diaphragm,  rockfill  cavities  ahould  be  filled 
With  ice  either  partly  or  entirely  over  the  zone  of  negative 
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CavittoS  In  th»fOckfiU  of  the  upper  zone  should  be  filled 
With  crushed  stone  or  soil  to  avoid  convection  which  dlmln- 
tthftS  the  zone's  use  as  thermal  insulation.  EarthflU  and  rock- 
ftU  dams  appear  to  be  more  expedient  than  rockflU  d.Hms. 
The  conditions  under  which  they  operate  arc  rather  close  to 
thoso  Jor  unrth  and  pervious  dams.    Unlike  dams  built  tor 
Ot  lini:y  t  rmduions  in  a  tonpcrate  climate,  the  earth  sCfMH 
of  earthfiU  and  rockllU  dams  is  n  thermal  insulator. 

There  has  been  much  linoijr  to  carr.s  n..ilt  ctj  pemri.'roiit, 
olter.  resulting  m  complete  ruin.    Sorr.elirr.es  irirr.firje  occurred 
because  specific  permafrost  conditicr.s  were  ra:  cor.-iidi-rf  i. 
Until  recently  spillway  and  water  outJe!:;  wfrr  thi-  wi-ikcst 
points  of  any  hyaropower  plant. 

Fewer  dat4  are  avoiLibie  on  thp  iesiqi;  oi  spillways  and 
water  outlets  than  on  !h<-  Lir-^jy:-  r>'  fixr  i  cjrth  Ijns:  50 
developing  h.-tstc  principles  for  them  still  represents  certain 
diiticultics  .    Novortheless.  some  genstwl  ptlnelllleB  CMl  thesa 
spillw.3y  slructup--?  cot  be  stated. 

It  Is  preferabl'-  :c  ;  i  icc  3(  illways  outside  t.-jc  dam,  and  to 
use  side  channels  tor  r.i;ijcl  flow.    Rapid  flow  is  best  obl*W.ed 
by  a  fl  jT.o  oTi  piles  (Fig.  2).    This  decreases  thawing  unict 
the  fluTie  frnrr.  w.iter  hc.it  dur;r.'7  splilw.^y  operation  and  from 
radi..->nt  eri...-rgy.    Applyir.c;  tln'  lipid  Low  flume  if  alM  UMful 
for  a  spillway  arrangement  in  Uie  dam  body. 

Outlets  .should  be  pKinned  without  gotes.  This  corcua.  r- 
ably  d^»crf•,1«o5  worming  of  the  spillway  by  storage  reservoir 
wj;iT  .inr!  .ly  wotor  that  leaks  through  the  gates. 

Trozcn  and  thawed  zones  of  spillway  dams,  In  which  frozen 
flcourd  IS  stror>g  and  impemoablG,  should  join  corresporidir.gly 
with  frozen  and  thawed  zones  of  the  adjacent  dam  built  of 
local  materials  or  of  the  valley  flanks.    With  a  concrete  OT 

crib  spillway  dam,  the  fill  at  the  base  Of  the  upstream  slop* 

requires  special  attention.  This  (Ul  i*  tha  thanwl  iMuUttOn 
of  the  dam  iourvdauon  (rig .  2a) . 

Sulltng  wells,  cones  of  pressure  reliel.  and  othar  dapraa- 
Mona  in  tiia  downstraam  slda  should  ba  avoldad  bacauaa  tfaay 


rig.  2,    Diagrams  of  spillways:   a.  Overflow  dam.  b.  chute. 
C.  siphon  spillway,   1  — zone  of  permanently  thawed  ground: 
2— zone  of  permanently  frozen  ground;  3— zone  of  alternating 
thawing  and  freezing;  4— l3ody  of  dam;  S— beam  for  strengthen- 
ing surface  of  till  to  pn-vcnt  w.ishioj  jw.iy;  6— liil,  50P.';r/j  as 
heat  !nsul.5tlon:  7— rim  of  c'n  Ac'  =  — trcush  q'.  chute  on  piles; 
9  — conduit  o!  siphon  spillwoy;  1 0— downstream  galaS  lloValM 
for  shutting  off  siphoiu  and  12— erosion  funnel 


hinder  proper  cooling  of  the  spillway  structure  In  winter  and 
may  cause  diminishing  of  the  frozen  zone  for  an  Inevitable 
decrease  in  dam  strength.    If  these  depressions  cannot  ba 
avoided,  water  should  bo  pumped  from  these  depressions  In 
autumn,  l.a. ,  bafora  tha  fraaalng  period. 

Shaltars  above  spillway  dams  help  in  cooling.   In  summer 
they  protact  the  structure  from  sunrays,  whereas  In  wlntar  tiray 
prevent  the  warming  effect  of  the  srtow  cover. 

It  Is  advisable  to  use  pipes  for  the  splUway  structure  only 
when  water  is  spilled  from  the  reservoir  by  comparatively 
small  discharges  for  a  long  time.    The  pipes  should  have  a 
siphon  at  the  inlet  nrd  valve  at  the  outlet  (Fig.  2a) .  Charg- 
ing the  siphon  is  done  either  by  filling  It  or  pumping  .nr  from 
it.    The  pipes,  whether  wosto ,  water  outlet,  or  wjtcr  irtake, 
shO'jl  1  r.r-vi.-r  rrf:5S  thr  frrii-cn  /.one  of  tr,;-  diiTTi.    i;  it  bccomaa 
Impossible  tc  Curry  the  siphon  t.nrough  the  gs.Ti  !e.g.  ,  the 
crest  of  the  dan  is  too  hic;h  ibove  the  storage  resep.'oir  water 
level)  .  water  should  be  punped  through  pipes,    Wster  outtlow 
frorr.  the  pipes  should  be  ">3  f?!r  .^s  po?,sibl.^  iro.T;  the  cir; 

To  study  the  feasibshty  o:  building  ana  operciu.ig  trozcr. 
dam  built  ct  iO[  ij  nitcii  -.Is  undi-r  particular  climatic  condi- 
tions, tc  dfvf.op  thoroughly  Its  design,  and  to  control  US 
th>-iri.il  trvjirii'.  It  i-i  ni'cessary  to  predic  t  thr  thiTmal  OOndl* 
tions  and  rugimc  of  txith  the  dam  and  Its  (o.inii.ition. 

Various  methods  have  l>o'-n  suggcst'vd  for  predicting  tem- 
perature fields  of  the  din  md  fn undtiori .    Thus  for  a  steady 
state,  calculations  using  confnrTi.il  rcpre scritation  l '■ '.  .  12. 
are  suggested;  while  for  d  nonsteacy  state  of  homogeneous, 
pervious  and  impervious  dams  and  founa,itlo.'',s,  the  mattod  Of 
finite  differences  .  13]  and  others  are  tt;f  o.T.mer-.dr-d . 

An  cxoni  Ir  of  ,^n  approximate  mcthoii  for  <-,iicu.,ning  d.sm 
temperature  conditions  is  suggested  by  th>-  De-piirtnoni  of  Soil 
Mechanics  and  Found.itlon;;  he.-itied  by  N.  A.  T'lytovxih 
Il4,  ISl.    N.  V.  Styro%r.i  triok  part  In  the  dovslopnrnt  ind 
calculations . 

Th<-  moihod  perrr.its  r.-,ilc j).i*ir:r.  o:  u  nfsnsteady-statc  tem- 
poi  .ituro  fu-lii  for  horrfiyer-eou  5  jr:i  heterogenous  d,nms  and 
foundations  unaer  any  given  bourdary  conditions  with  no 
seepage.    A  calculation  chart  o;  the  darn  and  its  foundation  is 
shown  In  Fig.  ^.    The  ir.itia'.  tonperature  of  a  hetenDgeneous 
dam  (with  three  zor,e sj  is  .issurned  to  be  J'  C. 

Boundar/  conditions  are  determined  by  the  natural  condi- 
tions of  the  CO, 'is 'ruction  reglor.. 

The  ge.'.errtl  solution  of  the  temperature  field  of  the  dorr,  a.-id 
Its  fo.j:,ili:io:.  at  any  time  involves  solving  equations  (eight 
linear  and  one  piano)  from  the  theory  of  heat  conduction.  For 
linear  problems  the  solution  of  the  cooling  of  semi- infinite  bar 
with  side  Insulation  Ll6]  was  used  m  sections  4- -J  ind  6-6 
(Plfl.  3). 

For  the  linear  problem,  tha  depth  of  thawing  in  section  2-2 
was  determined  on  the  basla  Of  the  wofk  Of  !•  Stefan  and 
L.  S.  Leibanson  [  16] . 

Shifting  the  cero  isotherm  from  the  foundation  toward  the 
upper  wedge,  core,  and  lower  wedges  was  determined  by 
making  up  the  thennat  balance  In  the  assumed  time  Interval. 

If  the  temperature  field  in  the  same  zone  but  from  different 
sides  deals  with  different  signs  (thawing  and  cooling),  then 
whan  the  distance  between  zero  Isotherms  beoomea  veiy  small, 
the  Interface  between  thawed  end  frozen  soUa  la  conraclad  by 
calculation  for  each  subaeauant  period  of  time. 


.1     .1  ',1  J 

Fig.  3>  Design  ol  dam  and  foundation 
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rig.  4.  Temperature  changes  In  the  body  of  the  dom  and  foundation  at  vaitOufl 
UiM*  after  niarvoir  lilUng:  I— S  yaars.  11—20  yaara,  III— 7S  yaara 
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Temcerati^e  distnhution  In  the  dam  foundation  wj s  deter- 
mined by  the  method  of  finite  differences  t  17!  us:r<]  cross 
profiles . 

The  fjeneral  outUnf?  of        nonst';riay-st.i!>'  tpnppr  iture  fitsld 
for  each  period  of  lime  is  constr jtte j  :jraphiCul>/  with  cuivl- 
llnear  interpolation  beP//c-en  points  obi.i.rjei  from  particular 
toluticns  (F19  .  4)  . 

When  calculAting  terop«r«ture  fields  of  frozen  earth  d«mi, 
the  mathcmatle«l  Method  of  Hi*  thwiwl  eondueUon  theory  i» 
sufficient. 

When  ca"icu;.!tiny     mrcr]' iro  fields  of  frozen  rorV-nll 
dams,  the  formation  ol  a  temperaturo  licld  is  dotormmod  not 
only  by  laws  of  thermal  conduction,  but  also  by  those  of  con- 
vective  heat  transfer.    In  this  case  the  effective  thermal  and 
physical  characteristics  should  be  substituted  in  the  above 
mentioned  formulas,  when  these  charactarlsucs  are  deter- 
mined experimentally  for  the  dan  and  Its  foundatloa  naterlal 
for  conduction  and  convection. 

Illustrating  the  suggested  method  of  calculatton  for  periods 
o(  time  (r  =  S:20;7S  years)  since  the  storage  rviervolr  wa« 
filled  and  on  the  basis  of  Styrova's  calculation,  temperature 
fields  of  a  rockflU  dam  consisting  of  three  zones  were  OOlf 
structfd  as  follows:  Zone  I,  lockfili  and  cavitlee  fiUed  With 
Ice:  zone  2,  ice  core;  and  zone  3,  rockflll- 

Analysis  of  these  data  shows  that  thawing  of  the  lower  part 
of  the  Ice-oore  should  be  expected  during  the  initial  period  of 
de*  ofieratlon.  Hevlng  dartiped.  If  required,  en  equation  of 
thermal  balance  of  the  core  thawing  area  and  bDsen  part  of 
the  rockfiU,  the  capacity  can  be  determined  of  the  auxiliary 
refrigeration  pUnt  required  to  keep  the  core  frozen.  With 
these  data,  d>-slgnlrvg  the  cooling  system  offers  no  dlfflculue» 

The  method  ol  calculation  is  checked  by  modeling  the  tem> 
perature  field  of  the  den  and  the  foundation  on  the  electrical 
or  hydraulic  analog  computer  mi  on  physical  models.  The 
discrepancy  between  the  nonsteedy- state  temperature  field 
(r  =  7S  yearii  and  the  steady-state  field  obtained  on  en 
enaleg  oonputar  was  no  more  than  1 .  S  to  2 . 0% . 

The  experiment  with  the  physical  model  (Fig.  S)  was  coa- 
ducted  m  a  refrigerating  chamber  of  the  Moscow  Institute  of 
Construction  Engineering. 

Temperature  was  read  using  thermocouples  frozen  into  the 
dam  body  and  its  foundation.  The  experimentally  obtained 
temperature  field  was  practicaUy  the  same  as  the  calculated 
one. 

Most  dams  built  in  permafrost  areas  are  low  damsl  Their 
height  seldom  exceeds  10  m.  However,  much  bigger  dams  ate 
urgently  needed.  Hydroelectric  stations  have  already  been 
buiii  i.n  Can.^da  (on  the  Nelson  Riveri  and  In  the  USSR  (on  the 
u  >:.  .^ivL-r)  1  :u1  ■  The  hydroelectric  station  on  the  VUuy 
River  (USSR)  Lulls  now  baiiis  taullt.  Other  dans  are  under 
design  and  conslruetleo  in  the  V88R  [7,  111,  Canada  C 19], 
andMaskaCsl. 

The  problams  of  hulldltiv  large  dome  en  permafinet  have  not 
yet  been  studied  suffieieatly:  thus.  In  suBb  raglons  dams  are 
built  swliily  on  rode,  urban  specific  features  of  these  regions 
at*  lass  obvious. 

Howmrei.  sametimeB  dams  must  be  built  on  tiis  suhlmse 
typteal  Car  permafkost  areas.  I.e. ,  on  sllty,  toO'satuntad 
soils  with  ioe-lenses.  Mthougb  axporlenoe  gained  from  small 
dam  construction  has  advanced  dam  oonstruetioti  under 
iwctlMm  ooodttlons,  present  experience  is  still  nwagsr;  both 
theory  and  praetic*  of  dam  oonstruetlon  en  psmaftest  urgently 
need  devalopntettt* 

These  are  some  of  the  meny  prablams  Invelved  in  building 
large  damst  Dams  planned  en  large  rivers  are  fiaquantly  eon- 
stiueted  on  unfiosen  ground  tbet  has  been  under  watsti  In 
addltioa,  such  rivers  have  censiderabl*  undetflotft  The  ground 
of  d«e  banks  and  In  the  area  of  the  future  storage  reservoir  Is 
genersUy  ftosen.  Under  eudi  oompUeated  geocryologleal  and 
hydroteehnloal  conditions  of  the  friMen  ground,  the  chotee  of 
the  method  of  dam  constnietlen  is  of  utmost  tmportanoe. 
fteUens  ceneemlng  ttie  destgn  of  the  dam  abntment  lo  storag* 
raaarvelrbanka  and  prsvanlloii  of  water  seepage  around  the 
dam  should  also  be  solved.  Careful  study  is  needed  in  design 
of  spillway  atmetures,  leeks,  head-  and  tail-race  channels, 
and  their  abutment  to  dams  buUt  by  the  cold  method  with 
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Fig.  S.  Diagram  of  dam  model:  1  —  body  of  dam  made  of  fine- 
grained sard:  2--.v  jter;  3  — concrnte:  4  — th«-tmometer  for  air;  5— 
ba.ie  plate  thermometPt;  6  — w  iicj  thermometer;  7  — heat  ventila- 
tor; 8— electnc  heali  r  I'j:  ■.v,i|<'::  J— mixer  lor  water;  10  — venti- 
lator for  mtxtng  air  in  chombot;  1 1— thermographs;  and  12— 
foam  plastic 


bcisen  body  and  foundations - 

Particularly  Imponant  problems  needing  special  attention 
are  calculations  on  slope  stabUlty  at  the  bottom  of  the  aide 
slopes  of  dams  built  acoordlng  to  the  cold  method  (as  wall  as 
for  the  warm  method)  and  an  understanding  of  the  processes 
Involved.  For  example ,  dunrtg  construction  of  the  dam  by  the 
cold  method,  lower  layers  placed  at  a  flatter  slope  are  recom- 
mended.   For  large  damji  a  correctly  designed  slope  has 
significant  economic  effects.    Here,  calculating  the  thermal 
regime  of  the  dam  is  necessary.   To  solve  really  Important 
problems  in  de.slgnir^  and  building  very  large  dams  and  hydro 
Stations  In  extremely  cold  areas,  an  organization  lor  the 
construction  and  operation  o(  hydto  Stations  built  en  parma- 
(rost  should  be  consulted. 
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UTILITY  NETWORKS  IN  PERMAFROST  REGIONS 


M.  M.  PORFIR'YXV.  Academy  of  Public  Utilities.  MofOOW-lantngnd 
G.  V.  FOIIXHAYEV.  Oteuchav  ParmalcDat  Rasaarch  Uistttuta,  Moaeow 


Iha  aMMitt  ail»M  In  panaMat  afM*  nakaa  It  naoaaaary  to 
provlfia  aiBxlaiHBi  oomfiKta  far  huaan  baUtatlon.  Itaanfon, 
all  modani  faoUltlot-watar  woika.  aawarege<  eaulnl  hoBtlng, 
power,  «•  taoU     gwa  atipfAy  im  ■  muilMr  of  laoalttl«a<-w* 
,  ,    wtdaly  uae4.  In  nm  anoa  what*  naMml  luols  aw  leano, 
all  doiMatto  neada,  inoludlno  haoting  syaiaais.  ava  alaetric. 

Tha  main  proUama  tn  daatgnlng  utility  nota  aw  dapanda' 
bllity  and  continucttaopaiMien.  Aeoocdlnsly,  d»ir  (liilgn 
and  operating  condltiona  nuat  ba  idioaan  to  pravut  daMtfa  to 
tha  networks  by  sell  nilialdanQe  aftar  thawing,  heaving,  lioat 
endta,  icing,  and  aollfluetlen  pmeeaaea,  and  to  preclude  the 
poaalhUlty  of  freacing  of  fluids  In  pipes  [  1 1 . 

Oanatnictlon  costs  In  permafrost  zones  are  three  to  four 
Umm  higher  than  under  usual  conditions,  and  operation  costs 
Ineraaae  acoordlngly.  Therefore,  the  economics  ol  constivc- 
tiaa  and  the  oparation  of  Ihaaa  fsellttlaa  wamnt  kaanaat 
attention. 

Soil  properttaa  whan  frozen  and  after  thawing,  temperature 
conditions ,  intensity  of  tha  fieeslng  and  thawing  ptooesaes, 
and  specific  climatic  taatuns  of  Mparat*  regions  an 
extremely  varied  [2]  over  the  enormoua  expanse  of  permafrost 
areas  In  the  U88K. 

Than  are  no  uniform  answers  tat  all  construction  problems 
of  utility  networks.  Nevertheless,  on  the  basis  of  research 
and  practical  experience,  it  has  been  possible  to  formulate  the 
priivciple  methods  that  consider  local  conditions,  and  specific 
technological  features  of  the  utility  nets,  warranting  the 
application  of  particular  designs. 

Apart  from  the  properties  of  the  underlying  soils.  It  is 
necessary  to  consider  the  possibility  of  damage  to  networks 
from  heaving,  frost  crocks,  icing,  soltfluctlon  processes , 

ate.  :2]. 

Construction  methods  far  uuiuy  ncis  depend  on  the  proper- 
ties o(  the  underlying  soils  and  the  typo  of  the  nets-    If  the 
mechanical  properties  of  permafrost  do  not  change  upon  thaw- 
ing, the  design  must  prevent  the  conduits  from  freezing. 

In  permafrost  whose  properties  change  abruptly  on  thawing, 
one  of  the  followln.-j  rr.cthods  nay  h-^  us-^d.  depencirhj  or  in- 
tensity of  the  change  and  type  of  utility:   laj  Maintaining  the 


ground  In  the  froten  madltlon;  i3i  permitting  Hie  team*  gtound 
to  thiw  during  epantion,  trlthm  dafimta  ptaeaiouiatad  Unltar 
and  Id  thawing  the  tecan  ground  before  oonstruetlan,  and 
aMhaaquanl  oowaftHdathiii  or  replacement  of  the  sou  by  a 
ealeulatad  amount  to  preclude  the  possibility  of  pipeline 
datacmation  during  operation. 

Three  principal  methods  of  laying  systems  are  applied.  The 
■ailioJ  of  laying  also  depends  on  the  architectural  and  planning 
factors  affecting  the  layout  of  the  system  in  the  building  area, 
and  In  ibo  tost  analysis,  is  detatialnad  by  the  combined  tach- 
nloal  and  eoonemlcal  appraisal  of  the  construction  and 
operation  factors  £  1  ] . 

Separate  types  of  system  are  coordinated  in  a  combined 
layout  In  passable  (i.e. ,  large  enough  to  walk  through), 
semlpassable,  and  Impassable  channels  (utlUdora).  Sone- 
tlSMt  each  nat  Is  laid  separately,  along  the  optimum  route, 
and  by  the  method  most  expedient  for  each. 

Use  of  combined  utilities  in  permafrost  zones  greatly 
reduces  construction  costs  and  increases  dependability  and 
operation  costs.    Separate  systems  may  bi>  recommended  only 
when  It  is  technologically  Impossible  to  combine  them  or  when 
this  would  make  the  networks  unjustifiably  long. 

Heat,  water,  low-pressure  gas  pipelines,  power  cables  of 
up  to  10  kV,  communication  cables,  and  air  ar  1  product  con- 
duits are  combined  In  common  utilidors.    Tor  sanitary  rojsona. 
sewers  may  bo  laid  only  In  separate  comrartnents  of  the  utili- 
dors or  outside  in  the  zone  ol  th.3W  produced  by  the  jtiUdor. 

The  combined  systems  may  l"-  bi;rji.r:l,  J.5i:l  on  ground,  or 
carried  overhead  on  trestles.    GrvurrI- level  and  overhead  nets 
are  usually  mdde  with  clrc  -ralerentia';  heat  insulation-  Some- 
times ground- level  nets  are  laid  ir  reinforced  concrete  utili- 
dors Incorporated  in  sricwalks     Conbiried  buried  systems  are 
laid  In  utilidors  with  a  pathway  nadc  of  prefabricated  rein- 
forced concrete  elen^.e.'-itE- 

Underground  utilidorf,  ore  Iri.d  rot  nlni.Tia-'n  aepthi  to  reduce 
the  effect  of  hea:  or.  the  'loi.  during  operation  and  reduce  the 
amount  of  enrthwork  .  nr.d  tht-y  must  t<.?  provided  with  dependa- 
ble '/.■.■terproofi.'-ia  ,ind  .sMti-r  dr,-iinoff  facilities-    If  thi'ff  in? 
many  pipelines  and  cables,  the  uUltdor  is  partltiocvcd  by  o 
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vemcai  wall,  I. a. .  dlvtdad  Into  tMO  aacUoiw,  om  tor  cablat 
and  one  for  sewers. 

Without  detailing  the  conatruction  of  utlUdors,  shafts> 
chambers,  and  control  posts,  we  shall  riote  the  need  for 
dependable  ventilation  of  the  utiUdors  in  winter  as  the  prlnd- 
ImI  way  to  minimize  the  thawing  effect  of  the  uiilidors  on  the 
frozen  soil,  with  alt  Its  consequence* ■ 

In  both  combinad  and  separate  systems  of  uuliues.  It  Is 
essential  to  ensuia  tlM  MabiUty  of  ground  support.  In  ove;- 
heed  systems,  lines  are  carried  on  piles  or  trestles,  although 
in  certain  specific  Instances,  use  is  made  of  the  construc- 
tional elements  of  buildings.   In  auch  oaaas.  the  methods  are 
the  same  as  for  any  other  constnieilOn  jOb. 

Foundatlonless  ("pulsating")  supports  are  widely  used  In 
ground-level  laying  systems.  These  supports  are  either  laid 
on  the  ground  or  sunk  into  It  slightly.  The  'pulsating"  supports 
repeat  the  novemem  of  the  ground  surtooa  due  to  saaaonal 
fraaslng  and  thawing  of  the  acttva  layar.  Pulaattng  auppoita 
may  be  uaed  only  if  this  does  not  andanger  the  safe  operation 
of  inattlatad  ataal  ptpallnas  [  ll • 

Fveporatlen  of  tha  aupport  la  the  most  difficult  problem  In 
laying  bmlad  utllitlaa.  Whan  laid  In  aubsiding  sotia,  plpalina 
(utllldoi)  langth  and  tha  poaalUUty  of  nonunifonn  subaldanea 
must  ba  oenaldarad.  Maaaoras  to  pvavant  aubsidanoa  nay 
vary  along  tha  lengiOi  of  dia  pipalbia. 

Iha  panalaalUa  magnltuda  and  nonunliDnnlty  of  aubaidanoa 
of  pipallaaa  dapand  on  tha  matarial  and  diamotsr  of  tha  plpaa 
(udlldor  dlmanalona} .  and  on  Ao  typaa  of  inatdatlon  and 
itnwtural  alananta>  If  oaleulatad  dafanaatlonB  amcaad  tha 
pamliilUa  valtia.  maaauraa  aheuM  ba  takan  to  raduea  or  to 
allmlnata  than  altogathar.  Thaaa  naaauraa  can  ba  prallnlnaiy 
thawing  and  eenpaetlon  of  tha  undartylng  aoil  to  tha  dapth  of 
thawidg  at  stable  thaimal  eondltlona;  raawval  of  alunptag  aoU 
and  Ita  raplacotaont  by  non-alimptng  aotl  and  additional  laying 
of  *'olay><ienenta"  bedding:  and  in  aapaelally  eo«nplax  eondi- 
tlona.  piles  or  other  artlflcal  aupporta  ana  conalnietad. 

The  Interdependence  between  building  plan  and  network 
layout  baooawB  aapaelally  eiltlcal  «dwn  dwollinga  mnat  ho 
built  on  panaafioat. 

To  improve  opaiation  conditions  and  reduce  eonatnictlan 
eotta«  tha  daaign  of  raaidantlal  anaa  and  nalghbeiliMda 
should  anaiin  naxlniin  load  on  tha  langth  of  any  plpelina. 
lharafon,  tha  langth  of  aaeh  ayalaai  and  thair  aggngata 
langtha  should  ba  kept  at  a  oanlnum. 

A  minbar  of  archltaetural  aitd  building  matheda,  onatly  of 
the  pailmatnl  type,  have  been  developed  to  meet  this  demand 
and  to  anaure  oompactnaaa  of  building  with  a  ganaral  Ineraaaa 
of  Its  danalty.  IMa  ledueaa  tha  numbar  of  farandi  and  building 
oonnaetlont.  tha  waakaat  opoiattamal  link. 

Whan  diffarant  planning  variants  and  tsutaa  of  utility  nat- 
woffci  ara  conaldarad.  aapaelally  aueh  aa  watar  aupply  and 
•awaraga  linaa.  tha  layout  should  anaun  that  tha  graaiaat 
watar  eonaunara  hava  eonatant  eMsulatlon  of  watar  aupply  and 
adequate  diapeaal  of  waata  liquids.  This  eraataa  ataMa 
hydraulic  and  thannal  eondltlona  in  the  pipelinaa. 

Whan  hunad  nattMrita  aia  laid  in  populated  araaa.  thair 
thamal  affaet  en  public  roads  and  espoctaily  on  basements 
of  adjaeant  buildings  must  be  considered 

lha  noat  Important  prerequisite  for  proper  design  of  utility 
tMtwerka  in  pamateat  aonaa  la  aeuiid  hoat-angineenng  calett- 
latlona.  Tbaae  caleuletlonB  pamlt  datnnaining  the  temparatuca 
of  the  heat  carrier  along  different  pipaMnaa  laid  by  diffarattt 
methods,  the  temperature  condltioas  in  tha  ntUidorSi  fbo 
eondiuons  of  the  thawing  and  fnmmta)  of  aoU  under  tha  plpa 
(or  under  the  uUUdor  with  burled  networks}.  Naanlta  of  tt* 
calculations  clarify  and  substantiate  the  adopted  daaign  and 
also  determine  the  operating  coivdltlons. 

Many  researcher*  have  investigated  the  interaction  Of  plpa- 
lines  and  ground.  A*  early  as  the  last  century,  V.  F.  Zbukov 
davalopad  a  formula  for  determimng  the  variation  of  the  tnni- 
pantura  of  a  fluid  alortg  the  length  of  a  pipeline.  Zhukov's 
design  formula  includes  an  empirioal  Cheat  eonduetlvityl 
factor  (K)  ■  This  factor  Is  used  to  adjust  for  all  tha  eomplax. 
unstable ,  thermal  processes  Occurring  in  the  aolla.  the  ther- 
mal properties  of  soils,  cifaenges  In  tha  phase  oonpoaltloa  of 
water ,  tha  Inatablllty  of  thermal  preeaaaaa  in  plpallnaa,  ate. 
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Later  atudlea  were  concerned  with  a  more  precise  definition  Of 
this  factor.  The  heat  conductivity  factor  varies,  howavw, 
depending  on  the  specific  technological  features  of  the  trans- 
portation of  fluids,  the  depth  of  the  pipeline,  its  diameter  and 
Inaulatlon.  the  thermcphysical  properties  of  the  soils  and  thair 
moiatura,  tha  heat  conductivity  eondltlona  at  tha  surface,  and 
other  factors. 

Tor  each  combination  of  factors,  a  eorraspondirvg  hnnt  con- 
ductivity factor  must  exist:  otheiwise.  tha  values  o{  the  heat 
conductivity  (actor  (K)  are  of  a  particular  nature,  and  may  ba 
applied  in  tha  thermal  calculations  of  pipelines  only  when 
laying  conditions,  depth  and  diameter  of  pipelines,  soil  and 
hydraulic  conditions,  etc-  ,  are  similar  to  the  expariflianlal 
conditions  under  which  the  heat  conductivity  factor  was 
dialaimlned. 

Many  analytical  solutions  exist  for  determining  K,  how- 
aver,  based  on  the  well-known  Forchhelaiar's  formula  C2] . 
Because  the  design  failed  to  consider  fully  enough  certain 
factors  (insulation,  thermal  gradient  of  the  soil,  etc.)  com- 
putad  results  did  not  oolncide  with  the  data  obtained  by  many 
rasaaiehars.  This  prompted  studies  aimed  at  a  mora  ptadaa 
definition  of  rorehhaimar*s  formula,  and  raaultad  in  tha 
development  of  numerous  varianta. 

Tha  formula  and  ita  modifieationa  gtva  tha  mean  value  of 
haat  leaaaa,  but  do  not  raflaet  tha  dynaniea  of  tha  proceaa 
against  time,  whicft  ia  aomatlnaa  aaaentlal  tor  ealeulatlena. 
lha  fbimula  fbr  the  ndlua  of  tfaa  tfaawad  aoU  ebtalaad  on  tha 
Iwsla  of  n»chhaiBiar*a  fomula  alao  gtvaa  aoan*  mean  value. 

Haat  loaa  bom  a  bwlad  plpalina  may  alao  ha  detanalnad  by 
tha  method  of  hydraulic  and  elaetile  analoga  or  fay  direct 
aimulatlon  of  thermal  proeeaaea.  Heat  caleulatlaaa  by 
•innilatlon  aMthoda  ara  labocleua  and  reeulie  apaeial  medela 
end  Inatrunenta. 

Tha  oiain  taika  aie  delMMnlng  tamparatuie  vartatioB  of  the 
heat  earner  along  tiie  pipellaa  length  and  the  aoll  thawing  and 
toaalng  around  it.  Iheie  are  subatantial  dlffarancea  ia  poaiag 
theae  pioUema  and  in  their  aelutloa  In  seaaonally  or  perenni- 
ally fiosan  soila.  Meieover,  in  view  of  the  apedflo  techno- 
logical faaturaa  of  different  types  of  uuiity  natworka.  it  la 
naoeaaaiy  to  aolve  aome  apacliic  problama. 


SOME  OF  THE  MOBLBMB 

The  foUowlng  prlneipal  prehlama  aey  be  apeolfled  fbr  differant 
typea  of  ayatam. 

1 .  For  all  water  auppiy  ayatama,  it  la  easantlal  to  deter- 
mine Ae  variation  of  water  temperature  eloog  the  length  of  the 
pipeline.  Specific  faattees  of  watar  cenaumption  invelve 
aolving  heat  engineartng  preUama  aueh  aa:  CentlmiDua  and 
intanitittent  flewai  dalatmtntng  maximum  permlaalhle  atoppaga 
time,  optimal  watar  heating  tamperatuie.  and  langth  of  aac- 
tlona  with  Independent  heetlng  feellitieai  end  calculating 
initial  eondltlona  in  tte  pipeline.  Alao  Important  ia  calculate 
ing  die  aureole  or  depth  of  thaw  around  either  ptpea  or  utiudera 
when  the  oonduita  are  laid  directly  In  the  aoll.  The  heat 
ealeulatlena  are  beaed  on  the  flew  eataUlahad  by  hy*aaUc 
ealeulatlona.  but  any  need  cenectlen  to  ellow  fbr  the  necea- 
naiy  elieulatlen  and  for  additional  runoff  ef  water  Into  the 
aawerege  naovork. 

t.  Per  aewarage  wfMtmM  laid  In  petmetoat  aonea  either  in 
aoil  or  in  utilldara,  tiie  ameunt  ef  runoff  ften  the  hot  water 
aupply  ayatama  muat  ba  detarmlaad  la  order  te  prevent  tiie 
fraealng  of  liquid  wmatea.  The  apadflc  feature  of  the  heet 
oonditlone  of  aewsraoe  natMorka  la  that  the  plpea  do  not  run 
fiiU  beoauae  sMat  ayatama  oponte  fay  gravity. 

3.  Oondttiona  muat  be  determined  to  ensnra  mlniaium 
thawing  ef  aeUe  beneath  the  heet  cmMhilt  or  etUldor  end  te 
enauie  mlnUMHB  heat  loaiea  at  opttniuni  InaulatleB  tMckneaa- 

4.  Whan  gaa  pipellnea  (which  new  certy  dehydrated  gad 
an  uaed.  It  la  naeaaieiy  to  eatablish  upper-boundary  dynaaUea 
ef  pam«flNMt  ahewe  huded  pipes  along  the  "hot"  end  "eeld^* 
aeetlena.  DetafattnatiMi  ef  the  upper  surteee  ef  pemeltoat 
along  tha  "eold"  aeetlona  In  Isoihannal  gaa  Qow  ia  an  euxll> 
iaiy  calcAilatlen  dealgned  te  estataUsh  the  effect  ef  naml 
heaving  Ibraea  on  tha  pipeline. 
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S.  WIMR*  droit  la  ttmpmtimtisanipuMdferaUalaiig 
(h*  iMigth  of  lt«  burled  plpcllm,  tha  vartaUon  In  oU  vlMotlty 
and  petslbJitly  of  htvrHneOoa  dopoolto  en  tho  plpoo  at  a 
ftaaslng  Mnpamturt  muat  ba  oonaldand.  Whan  oil  plpallnaa 
afa  uaad  to  eany  vlaeoua  oUa .  it  ia  alao  nacaaaaiy  to  ooii« 
piila  iMatUig  taaipafatuta  and  thaw  dapth  of  tha  aoll  banaad> 
Om  ^paa. 

C.  For  waah*euiiiaM  oaUaa  laid  in  ftoaan  aoUa,  eooipiiu* 
tlona  ahoiild  •atahUrit  tanparatun  fiuetuatlona  a*  «ha  probahia 
dapth  of  tha  eaUa.  tw  powar  eaUaa.  (ha  halo  of  (hawing 
axeimd  tfaam  nuat  ba  aonputad. 

A  apaelal  proUani  la  anflOumaiad  If  dm  poilod  of  praaaura 
taattng  of  vailoua  plpaUaaa  la  daaa  wlili  watar  during  tha  eeld 
aaaaon. 

MuUen  of  tha  proUama  peaad  abova  la  vary  difficult  dua 
to  tha  oiaat  cwplaMty  of  tha  proeaaa  of  haai  propagation  In 
aoll.  lUa  la  an  iiaatabla  proeaaa,  oonpllealad  Iw  (ha  phaaa 
tranaltlona  of  tha  iratar  oeataiaad  In  tha  aelU  It  la  not  now 
poaalbto  to  aelva  tha  problam  by  atrtetly  ma(haowtloal  ma(h- 
oda  or  by  computers:  it  is  nacaaaaiy  10  aaak  ways  to  simplify 
(be  problam  for  each  ipeclfle  caaa<  It  la  possible,  however, 
to  tonaulata  eaitala  gaaaral  polata  ooanttn  to  aolvlng  aMat  of 
tha  problems  [31. 

These  points  are: 

1.  Temperature  fie.ds  :n  the  ftoziMi  ind  th.-iwed  zones  .jro 
QUasl-Steady  state  nlthoii'^h  then  isotherms  are  moving. 

2.  H«tfl(  ir.  the  horizont.^l  direction  along  the  pipe 
(utiluicr)  15  equal  to  the  ho.;- sum  of  -.cit  flUXOa  dlTBelad 
upward  and  downward  liom  the  utllldor* 

3.  Keat  transfer  In  tha  thawed  and  fteaan  aonaa  Of  tha  aoll 
Is  by  conduction. 

4.  When  heat  is  carried  in  the  pipes  by  turbulent  flow,  the 
effect  of  us  physical  properties  on  the  transmission  of  heat  to 
0ie  soil  IS  determined  by  the  internal  heat  conductivity  factor. 

5 .  Thermal  gradients  along  the  utllldor  axis  are  many  tunes 
lower  than  the  thaflaal  gradlaata  In  tha  dlraetlon  noroal  to  the 
axis. 

These  points  have  been  largely  confirmed  by  observation  of 
thermal  conditions  in  the  soils  around  pipelines  and  serve  as 
the  basis  for  developing  simple  and  sufficiently  toUabla 
methods  of  heat  engineering  calculations  [3]. 

Besides  these  general  points,  special  demands  must  be 
satisfied  in  the  construction  of  individual  types  of  utility 
aystems. 

When  laid  separately,  a  wster  system  may  be  burled,  laid 
on  the  ground,  or  carried  overhead.  With  ground- level  and 
overhead  pipes.  Insulation  Is  used.  With  buried  pipelines, 
the  aone  of  thaw  formed  around  the  pipes  serves  as  insulauon. 
It  Is  assumed  that  the  pipes  are  burled  0.8  m  deep.  Regard- 
laas  of  the  type,  the  water  pipeline  must  be  protected  from 
freezing.   This  is  achieved  by  heating  the  water  at  pumping 
atattons,  as  well  as  at  Intermediate  points  (in  very  lor>g  lines) 
and  also  by  circulating  watar  In  all  network  aactions.  Appro- 
pruta  pipallna  layout  and  inatalladen  of  gate  valvaa  pievlda 
lor  thia. 

FOiead  watar  dreuiatlon  la  a^dovod  by  radialilbutlBa  flowa 
over  the  different  sections  of  the  systaai.  Igr  dlraetlao  watar 
into  reservoirs  with  subsequent  heating,  and  by  apaclal  drcu- 
lauon  pumps  that  are  awltehed  on  whan  conaumpUon  la  low. 

These  intaivala  whan  water  flow  In  ttao  plpaa  may  ba  liitar- 
ruptad  are  determlnad  by  calculation.  The  need  to  preserve 
the  aona  of  thaw  around  tha  ptpa  aniat  ba  considered  in  the 
ealoulatkms.  In  awat  eaaoa,  ataal  pipes  with  special  freese- 
proof  ftttlnga  an  uaad, 

Ganarally,  aawaiaga  systema  m  populated  areas  are  burled. 
Outatda  tha  building  area,  pipellnaa  may  ba  laid  by  any  na(h- 
od.  Tha  aawanga  na(wa(k  la«eut  and  tbo  loeatloa  of  buildings 
dlaeharglng  a  grant  aoiouM  of  liquid  waatoa  are  ao  daalgnad  aa 
to  aaaura  a  eonatant  (low  of  watar. 

Whan  than  la  danger  of  water  fraanlag  in  the  pipes,  warm 
ntm  watar  la  ran  off  from  tha  watar  aupply  or  heat  conduit 
llaaa  into  tha  aowarago  ayatam,  lb*  plpoa  an  uaually  0. 8  n 
daap, 

Manholna  along  tha  natwoika  an  aada  of  pnalafafleatad  ra- 
laforced  oo Berate  oompMtents  and  are  made  mooolithlc  and 


furtbar  anohovad  In  haawlng  aolla*  Aoal  plpaa  with  waldad 
jeltta  and  ball-Oangad  eaat^ina  pipaa  an  uaad  awat 

Moat  natwecka  have  tha  graataat  affaet  on  parawBtoat,  Ihla 
muat  ba  ooaaldarad  la  aalactlng  tha  haat-oanlar  tanwantwa, 
flw  pipeline  systaai.  and  tha  daalgn  faatuna*  ClicumferoRtlal 
Inaulatlon  la  uaad  with  ground- lavat  and  overttead  plpallnaa. 
Burled  pipelines  nniat  ahnya  bo  laid  In  utlUdora!  la  riiMiptng 
aoUa  especially.  utlUdora  awat  bo  mda  oUhar  paaaaMo  Or 
aanlpaaaable.  la  view  of  thIa.  It  la  awat  do^aUo  to 
combine  the  heat  network  with  other  syatema. 

Design  of  building  connections  depertds  on  the  method  of 
construction  (whether  with  or  without  maintairung  the  soils 
tieneath  the  foundation  in  a  frozen  condition).    Usually,  the 
connections  of  heat  and  water  conduits,  and  also  of  the 
sewage  discharge  connections,  are  combit^ed  in  a  single  con- 
duit.  Overhead  gas  pipelines  are  the  most  expedient  for  the 
delivery  of  dehydratec;  gas. 

Efficient  operation  is  necessar/  for  uninterrupted  function- 
ing of  rif-r.vorks  In  the  extreme  r.orth. 

The  design  of  utility  systems  shcLld  include  instructions 
for  the  oper.Mion  of  inniviLiJrti  fnc. lines  to  ensuce  the  required 
hydrologlcal  -and  thermal  corvditions  by: 

<al  Ineorpontlng  approprute  gate  valvoa  and  punpa, 

<k)  Malalng  the  temperattire  of  the  heat  cerrtar, 

(d  Intensifying  the  circuleuon  of  water  in  tha  syatama. 

(4  Oontralllng  tha  pipallna  aoala  and  laaka. 

(i)  OonbnlUng  taaipantun  oendltlona  in  tha  uulidors 

«rhan  ooaduita  and  eaUaa  of  dUfaraiit  doatlnatlon  an  laid 

la  than. 

(f )  ParlodleaUy  ohaoklng  and  ragulattng  epantlea  of  tha 
ventilation  of  tha  utlUdora. 

(gl  Organising  oialnionanoo  and  onaigaiicy  trark. 

(Id  Opantlng  tha  natwoika  during  emergency  conditlona, 

In  extensive  utility  networks,  systematic  obsen-'stion  of 
th«  soli  tempflrflture  around  the  pipelines  and  utllldors  is  con- 
ducted to  jircvont  breakdowns  and  dor-Mge,  to  establish  the 
b.est  operating  conditions,  and  to  gather  dat.-i  needed  for 
further  devclopT,erit .    Maintenance  t  ersorir.e.  ieceiv<^  special 
training  in  construction  and  maintenance  ol  structures  on  per- 
mafrost sna  III  any  special  construction  and  operation  fe.^tjre* 

Rigorous  and  coT.plicated  conditions  of  permafrost  zones 
lend  special  importance  tc  an.  efficient  nanasjement  syjten-.  for 
the  operation  of  nor^vork  s  and  reliable  automated  control  hy 
remote  control  devices.    Such  manaaenent  incre.ises  opei.^ling 
efficiency  by  centrrilized  control;  by  promct  reorjanization  of 
the  system  or  its  .nilividu.i^  (.^cUilier.;  nri'i  rjy  prevention,  lo- 
calization and  el in-:n,Ation  oi  l:fe.i<cown  in  the  shortest  time 
possible    All  i:yslen'.;i  •ihot.-jd  h.ive  a  oommon  OOldlOl  atOtiOn 
for  operating  and  relayi:>3  wntro.  -i.ijn.ils. 

The  equipment  of  separate  systens  depends  on  volume  .iiid 
destlruitlon .   The  most  complex  anc  critical  is  the  equipment  Of 
the  water  .supply  systens.   In  addition  to  the  -sual  automation 
devices  at  the  p-m.pirtj  stations  -.vhore  the  water  ij  heated, 
the  pumping  units  should  have  automatic  controls  to  adjust 
pressure  variations  m  the  nec.vcrk  and  '.vater  temperature  at 
critical  points.    .V'oreover ,  the  control  room  regulates  the 
he.itinij  of  the  w.Hter  and  the  gale  valves  in  the  hot  water 
condiitis.  At  '.v.'iter  rj.-ioff  polnta,  gats  valvoa muat ba 
automatically  regulated. 

Information  on  water  temperature  and  flow  velocity  are 
automatically  transmitted  to  the  control  station  from  all 
pumping  stations,  Irom  w,jter  rucvof!  points,  from  redistribu- 
tion manholes,  and  Iron:  the  most  critical  .ind  dan?jerou5 
sections  of  conduits  ana  nets.    In  ciTtoln  instances,  the 
thickness  of  the  Ice  formed  on  the  wall  within  the  pipes  of 
big  water  conduits  Is  monitored  by  remote  control.  Provision 
muat  be  made  for  transmitting  commands  and  signals  by  remote 
control.   The  Information  is  recorded  autographically .  The 
aaxlatUB  range  of  all  telemetering  systems  Is  about  30  km. 

All  Inatrmants  (pickups)  installed  on  the  pipes  ana  gate 
valvoa  oponta  under  heavy  duty  conditions.  In  vlaw  of  tha 
dlftleulty  of  pravanUva  owintanaaca  and  cbecfca,  thay  auiat 
bo  aMn  a(uidy  and  nal8(Bnt  to  the  offacta  of  aharp  tampan- 
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tun  fluctuattona  and  to  high  natttwt*  ttiillar  ranot*  oonttol 
dmleec  for  tenpemtum  aMturamanM  and  ngulsUon  of  gats 
valvaa  and  pimplnn  unttt  can  ba  uiad  on  aawara.  haat  eon- 
dulta.  and  In  titUldora.  Moiaovar,  autonaUon  In  haatlng 
•yalan*  panalta  InoNiad  lallaMlltir  througli  uaa  of  nalwwka 
wtHi  bilatanl  aupply  to  eenawBara  and  autonaiie  faguUttoA 
en  oonnaeUiona,  dayandlns  ob  haat  coniumpllen. 

In  vMw  of  tha  eanitlaMiqf  of  tka  ooMtiueUon  and  epantlen 
of  uUUty  natwocfca  In  panuftoat  aanaa  and  tha  talatlvaly 
aeanqr  aKpailanoa,  it  eannet  ha  aald  tint  all  piehlana  ha** 
baan  aalvad.  Many  thinga  atill  raqulra  additional  i« March, 
pmlontad  ofaaaivatlona ,  and  daaign  weik. 

Undoufaiodly,  tha  coHUnad  attaiu  of  aolamlata  and  praetl- 
eal  worhara  itlll  ylald  poaltlva  raaulta  far  th*  aoat  affective 


davalopnant  «f  atUlty  nat«Mika  to  anaiaa  mom  eemfan  lot 
hwnan  habitation  In  Hw  ancixeiBa  north. 
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HydrOQeolOQy  oi  permafrost  areas  has  certain  general, 
raglenal,  and  leeal  faattiraa. 

aSHERM.  FEATURES 

Thoh>?  le.it'jreE  develop  '.r.dor  ihf  tOilowing  con JitiOii.';: 

1.  Existence  oi  ih*  solid  phn.-iL!  o:  und'-.'grounJ  w.iters, 
I.e.  ,  subsurface  Ice  typr-'.  .  wh.i'h  dilii't  ;n  inoj--  ol  orc-.jrri':n;i' 
and  genesis.    Frozen  water  bo.inng  strata  and  s<;p<ii3lliig  Im- 
permeable beds  are  the  most  signiilcant  typ«55.  Vein«d, 
segregated.  Injected,  buried,  and  othor  icc  typ'-s  ar«?  I"55 
Important. 

2.  Division  of  grour.  l  witrt  :n  thf  !i;ii:'i  phis'-  rf-liD'.ivn 
pcrmalrost  can  be  c\i\','i.t.<yi  ;rto  w-ntcr  f-;.3t  .^piJoars  ('i)  fibovc 
the  frozen  zone,  (h)  inm.- Jiatr^y  toiow  the  lower  surface  of 
the  frozen  zor.e ,  ar.d  (c)  an  intenrT'dlate  category  in  the  tallks 
withm  the  r.irrrje  of  the  frozen  zone.   Ml  three  categories  o(  the 
liquid  ph.ise  of  cjrour.d  wnter  are  Intamlatad  and govemed  by 

rjenern]  h>'dro<jeolo<3ic jl  l.iws. 

],    Those  conditions  dif:-^nn';  ttom  the  usual  exchange 
b.  v.vo.^r,  thi^  'iur;  u:i!  iiid  ground  water  because  of  permafrost. 
I.-j  t-ii;.ul.iting ,  ground  witer  Interacts  closely  with  p<;rma(rost. 
Both  intenjiity  ^md  nh.ifactfr  of  th«  proce»«  are  govarnad 

mainly  by  groIci-j:r-i,  ,;nd  r.tructiii  .U  pecujlafltlaa  Of  tba  laOlCn 
and       rvl.ri  r,r\-i  rl:n.3t;c  conditions. 

■J.    Vonitiors  of  the  existing  correlations  of  frozen  and 
unirozon  rocks  3r.d,  consequently,  the  EOlid  and  liquid  phases 
of  grourvd  water  :n  time  .imi  space,  are  mfl'.enccd  by  both 
natural  artd  artificial  factors.   Of  the  many  general  natural 
factors,  the  thennal  balance  of  the  earth,  conditioned  by  the 
life  and  activity  of  the  sun.  should  be  emphasized.    Also  a 
powerful  thennal  factor  Is  natural  water,  both  underground  and 
surface.    Human  activity  is  considered  as  ontf  of  the  most 
essential  artificial  factors.    Natural  and  artificial  factora 
radically  change  the  basic  hydrogeologlcal  Indaxas.  9-9 •  , 
radiatributton  of  water  in  aquiferous  horlzott*,  changing  of 
supply  conditions,  circulation  and  discharge  of  ground  water. 
chem;r  i;  composition,  etc. 

S.    Permafrost  distribution  as  well  as  its  thlckrtess  arid 
discontinuity  by  tallks  (i.e.  .  discontinuity  of  the  frasan  zone) 
develops  differently  In  northern,  central,  and  southern  regions 
and  Is  regulated  by  the  laws  of  latitudinal  zoning  common  for 
tha  aarth  and  specific  for  the  particular  aiaa.  Latitudinal 
lontng  appears  here  In  that  thickness  and  ana  Oi  tha  hosen 
aona  generally  decrease  from  the  north  toward  the  south: 
tharafbre,  the  discontinuity  increases  in  the  same  direction. 
This  distribution  of  taUks  by  area  and  section  is  detarmlnad 
by  hydrogeologlcal  conditions,  geographical  sitoatlon,  cli- 
matle  conditions,  and  history  of  (he  frosen  zone  formation- 
It  la  also  differant  In  platform  araas  (highlands,  plains)  and 
In  geosyncllnal  raglona  (aioiintaljioua  and  foldad  raglens) . 
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6.  Pecul:<ir  hydr.-iulU:  ,ind  !exp<>r,!t ure  conditions  of  ground 
watur . 

7.  Chemical  and  gas  composition  of  ground  water, 
RTGIONAL  FEATURES 

Regions  have  the  following  yeostructuta I  feot.jres: 

1  .    Pl.uforiT-j  iroas  and  t.^e  fringing  downwarps  are  Chaiae- 
ti'rizfd  by  the  iidvsnt.^ije-ous  development  of  artesian 
b.isir..-;  o:  subpt'f ni  ilro.'.t  water  con.'iectod  with  interstitial 
.•;ti.il.i.   Ir-iclurc  strata,    '.nd  k.irst  str,=ild.    Or,  the  whole 
p:airorm  ue.is  and  the  saiiounJlng  downw.irps  form  systems 
of  artesian  basins,  i.e.  .  one:;!, in  .uim:;  cort.iir.ing  K^sms  ot 
subpormafrost  water  of  hydrr>gcolixj:ral  rock  rrassifa. 

2.    C!oosync!lni?l  regions  diller  fmx  platlorm  re-gir-ns  iri  the 
broad  development  of  basins  or  subnermafrost  fracture- pres sure 
and  -veined  wntiM.i  of  hydrogeologlcal  rock  massifs-  Intor- 
fMont.inf  ind  otrier  .=>rtesian  basins,  as  well  as  superbasirs  of 
volij.inir  origin,   ir.-  less  important.    On  the  whole,  this  sys- 
tem o'  vinous  >\'.L;iris  ol  'rac-tun-  water  with  Othat  dopondant 
basins  form  hydrogeologlcal  tolded  areas. 

Arte?;  vn  ireas  differ  from  hydrogeologlcal  folded  areas  In 
peculi.ir  lr'>';vhydrogfologieii!  (g.^cryolr>glcf(l)  and  hydrogeo- 
loglcal conditions  sustained  reaiorially.  This  pecuhority  is 
determined  by  different  geological ,  topographical,  physlco- 
geographlcal  and  other  factors.  Including  geohistorlcal  fac- 
tors, which  distinguish  the  artesian  areas  from  thosa  Of 
hydrogeologlcal  folded  ones .  Detailed  daaertpUon  Ot  IhAaa 
areas  can  be  found  In  racant  lltaratura. 

LOCAL  FEATURES 

Local  conditions  Influence  geological  structure  of  separate 
areas,  thickness  and  cover  composition  of  Quaternary  deposits 
(alluvial  deposits,  etc.).  Impormcablllty  of  rocks,  exlstanca 
of  recent  deep  faults,  "karstlng"  of  rocks,  character  of  fallal 
in  the  particular  area  ,  and  cUoMtlC  and  Other  cOnditlOiia. 

COMBINED  FEATURES 

Conblriatlona  of  general,  re?gionai,  and  local  faatiiraa 
aiflramaly  eompUcate  the  frost-hydrogaologlcal  altuatlonof 
particular  areas  of  the  earth's  frozen  zone  and  general  faatuvaa 
of  Its  latitudinal  and  vertical  zoning. 

Thus,  the  frost-hydfogaologlcal  conditions  of  some  moun- 
tainous areas  in  acatham  Yakutia  A3SR  and  in  northern 
Tranabalkal  are  mora  tavara  than  in  soma  northern  and  north- 
eastern areas  of  tha  USSR.  In  tha  mora  southam  raglona.  tha 
bozen  zona  la  rather  thick  end  the  »ubpermafrost  water  la 
fOund  only  at  a  depth  of  jtiout  k  j  m.  in  some  iK>rthem  and 
notthaaatacn  raglens  of  tha  USSR,  howavat .  aMbpamafroat 
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waMr  ts  loiiiid  iMhw  eloM  to  er  flomrtng  ea  th«  aurfaM— 
fcralng  glgwiue  idnga. 

ItM  «»liol«  oonplMi  ol  9«nanl,  nQioml,  and  loeal  faelora 
oonsidenbly  affaefts  Mia  nvtif  oi  ^tonad  watar  and  Ha  ettcn- 
latlon  abova  and  baJoir  tnmm  maka  and  wltMn  tha  tanQa  of 
Om  aam.  In  addition,  llria  ooniiitoK  alao  datsnalnaa  dia 
Intensity  and  character  Of  tha  diculatlon  and  halpa  fbm  tha 
chemical  compoaltior.  of  ground  water  and  Its  discharge- 
It  is  presently  occcpted  that  underground  wjtor  in  perma- 
frost areas  comes  mainly  from  above,  i.e.  ,  by  penetr.jtlon  of 
atmospheric  precipitation  and  ground  water  deep  into  the  earth. 
Atmospheric  precipitation  (orn  :  i  .r  r  iperrnafrost  water  and 
ground  water  in  both  mountair.o  jr,  .ii  J  plain  areas.  Penetra- 
tion of  gncur.d  water  into  the  deep-seated  sLibp.ermafrcst  water- 
bearing horizcn.i,  i.e.  ,  water  tibsoiption.  depends  on  distri- 
bution of  frozen  ^nd  t.'i.^twed  rocks  (tallks)  and  It  datamlnad 
bygeneiciJ,  reg10n.1l,  uid  local  conditions. 

The  very  dee?  subpcrraafrcst  water-bearlnq  hotixoti:;  Mr  lod 
mainly  by  infiltration  of  surface  water  uhtIit  l.jrye  rivers  ind 
lakes  and  of  "lea  water  under  .seashorHS.    The  most  f.^vor.ible 
conditions  for  nver-ivater  .ibiorption  arn  created  when  the 
river  possesses  a  powi^rfuJ  rio-.v  throughciut  the  year  anc  when 
the  sedimentary  rock'i  coi-iposim;  the  river  hanks  and  the  bea 
are  permeable  erw>iiu-i  tn  i.r  i'.  :  i  .  .adequate  water  clrcjlation. 
This,  in  turn,  will  prevent  form.^tion  Of  permafrost  In  rock 
massifs,    Utvder- river  bed  tallks  formed  on  those  sections 
function  all  year.   The  most  favorable  sections  of  river-watar 
aluorptlon  are  fault  zones,  especially  in  karst  rocks  with 
•eeoaipanylng  fractures  extending  in  different  directions. 
ClfCulatlon  Of  fllla  water  in  rock- fracture  zones  forms  the 
aMat  stable  and  parmanent  taliks.  By  a  combination  of  frac' 
tnrad  tectonic  aones  and  sonaa  Of  panaaabla  alluvial  deposits 
oovatlng  the  fractured  tectonic  aones.  opttannn  conditions  ara 
enalnd  in  river  beds  to  feed  the  very  daap  watar- baailng 
hoiiMina.  Even  without  these  conditions,  permafrost  can 
•xlat  under  large  rivers.  For  example,  Lena  River  borings 
ravaalad  perforating  laliks  on  iho  secuona  with  a  favonbta 
oonbtnation  of  conditions,  whereas,  panaalkoat  occuirad  on 
olhar  McUona  at  a  depth  of  30  to  SO  m. 

Whan otiMT conditions  aia  equal,  the  number  of  taliks 
under  snail  flvan  (inflows  of  secorvd  orded  tends  to  be 
limited,  tfndar  auch  conditions,  the  Inundated  tectonic 
faults  become  very  sigruficant  In  absorption  of  river  water. 
If  there  are  no  favorable  cortditlonB  for  the  under-rlver  bed 
flow,  then  the  rocks  under  small  rivers  are  frozen,  and  there 
cannot  be  subsurfaoa  drainage  In  winter. 

The  main  ai«as  of  ground-water  dlschaiqa,  together  with 
those  of  absorption  (aupply)  >  occur  in  rivar  valleys,  aapecially 
where  daap  downeutting  of  vallaya  exlats.  Optlaiun  conditions 
tor  dladhaiga  wtU  ba  at  Intaraactlont  of  vallaya  with  taoiontc 
fmetuMt. 

In  tba  pamaiiDtt  araa.  tactooie  fraetima  drain  tha  vaiy 
deep  ground  watar  mora  Atfaetiwaly  tiiaa  outalda  ttia  flmsan 
zone. 

Tha  aubaquaeus  type  e<  gtoimdHMlM  diaehaiga  la  eliane- 
tadatie  of  vallaiya  In  ail  raglona.  ht  tida  eaaa,  polynyaa. 
l.a. .  nonfraanlng  aectlona  of  a  rtvarwlth  opan  watar,  an 
faniad  In  wlnlar.  Ev«n  whan  tha  diaehaiga  of  aubagnaoua 
apdnga  la  aawU  and  tfwta  la  a  tUcfc  aariaa  of  depoalta.  tha 
ground  watar  can  Aata  under  the  river  Ice  or  penetrete  Into 
eUuvlum.  If  the  combt nation  of  aumundlng  oondltlona  does 
not  favor  praaaivatton  of  undar-rtvar  had  flow  (tiitn  layar  of 
•Uuvtwi.  lew  air  tampanturas,  ate.) ,  ground  watar  will  flow 
onto  Ota  M»tooa  of  tha  rIvar  lea  er  bank  (whan  giound-watsr 
diaehaiga  oeeura  en  tha  vaJkof  alopai ,  fbrning  lelnga.  Ihua. 
■lany  auba^uaoua  dlachaigaa  of  giouad  watar,  hidden  by  a 
layar  of  dvar  watar  in  aununar,  an  ravaalad  in  winter. 
Gfonnd^atar  dlaoiiaiga  in  nountaioouB  raglona  alao  oeeun 
at  Ifaa  contaeta  of  rocka  of  diffarant  agaa,  compoaltlen,  and 
pnraMBldllty. 

lha  aiadlazliy  of  optlanm  cmdltloaa  for  aupply  and  dia- 
ehaiga of  ground  watar  la  not  apentanaeua.  Ml  eondltlena 
favorable  Cor  supply  and  circulation  of  ground  watar  ara  alao 
aultatata  far  dMlr  dladiaiga.  lharafan ,  aupply  and  dlaeharoar 
of  ground  watar  often  proceed  in  the  aama  aactlon  or  within 


tha  aaaia  vailay.  Supply  of  ground  water  near  the  eowthoro 
bofderof  the  penaafroat  aona  also  proceeds  by  the  watershed 
talUe.  MewraMle.  the  dtsckerge  runs  amra  freely  because 
the  taJlke«  enecpt  ibnae  on  the  valley  bottom  and  nver  bed. 
onenadb  mi  taneoes  end  sectlens  of  velley  slopaa. 

Inlaraetlcn  of  see  water  and  the  land  la  ehafaetariatlc  of 
the  sea  coast  d  northern  regiCBB.  loih  rata  and  dharaclar  ol 
this  interaction  depend  on  geological  and  tnounie  oamdHloiie. 
reek  eonpealtlcn,  and  ether  faetera.  PanelrnUnn  of  na«  wetar 
deep  Into  the  shora  can  be  seen  for  many  kUawMarSi  and  la 
extremely  high  In  the  aonaa  of  great,  Recant  tectanlc  tedta. 


ARTESI>\N  ARCAS 

Frozen  zone..;  are  developing  withm  the  following  artesian  areas 
of  th<!  USSR;   (.1)  The  e.ist  European  area,  covering  tho  extreme 
northe...f.t;  (Ij  th''  PfT-hr>r%ky  jircB ,  which  occupies  more  than 
h  ill  ol  Iti;  li'trilory  (r:n  the  r<ir-.h);  (c)  the  west  Siberian  area, 
on  the  north  of  the  region  within  the  range  of  the  Prlkarsk 
artesian  b.i5ln;  (d)  the  east  Siberian  area,  ranging  all  Over 
the  territory;  and  (d)  the  entire  Yano-Kolynsk  area. 

Each  artesian  area  comprises  a  combination  of  open- type 
artesian  basins  ar>d  differs  from  other  artesian  areas  In  Its 
specific  geocryologicat  features.    Eturh  aite.iisn  basin  within 
the  area  has  "regionai"  similarity  with  other  basins  of  the 
area  but  differs  in  some  aspects. 

Distribution  and  characteristics  of  permafrost  depend  vary 
much  on  hydrogeologlcal  features  of  the  artesian  basin.  The 
presence  of  frozen  rocks  exerts  a  considerable  and  different 
Influence  on  supply,  circulation,  and  dlaeliarge  of  ground 
water.   This  influence  is  manifested  In  many  ways;  due  to 
freezing,  the  supply  and  discharge  areas  of  the  groundwater 
are  sometimes  eliminated  completely  or  decreased  substan- 
tially.   Small  storage  areas  of  ground  water  can  stop  function- 
ing (itacOflie  coapletely  frozen) ,  and  thus  force  the  powerful 
Storage  anaa  to  rataln  more  water.   Partial  freezing  of  water- 
bearing  horizons  can  change  the  value  of  the  former  pressure. 

Temperature  of  water-bearing  horizons  will  probably  influ- 
ence the  hydiodynamic  and  hydrochamicsl  features  ->•.  ground 
water  because  trater  density,  viacoalty,  and  soivc.t  .ibiUtiee 
will  change  considerably  within  the  range  of  0"  to  4°c. 

Tha  apeelfic  character  of  the  Influence  Of  permafrost  on 
ground  water  Is  different  for  artesian  basins  in  various  areas. 
Thus,  artesian  basins  south  of  the  permafrost  area  are  charac- 
terised by  a  thickness  of  the  permafrost  within  tha  range  Of 
2S  to  100  m  and  rock  temperatures  from  0*  to  -1*C.  Within 
the  area  of  these  basins,  tha  parmafroat  zone  is  tntanalttent, 
and  the  taliks  downcut  tha  pema&ost  not  only  under  itvar 
beds  and  lakaa  but  alao  on  soaw  watersheds.  Downcuttliig 
of  frozen  strata  on  water  dlvidee  Ic  characteristic  where  plain 
aurfacaa  of  watersheds  are  composed  of  an  insufficiently 
thick  cr  veiy  penaeaUe  layer  of  loose  eluMurn  cr  talus  with 
underlying  poreus  cr  fissursd  sedinentafy  reeks  in  which 
water-beanng  honeens  eoeiir. 

Sunaiar  atao^harle  praelpf tatlon  falling  on  such  watersheds 
infiltrates  sedHaentaiy  rocka,  waraia  them,  and  altiier  pteventa 
them  froai  deep  fraeatiip  or  oonaldanbly  deeraaaea  firaesing. 
With  auffieienUy  daap  eroaive  cutting ,  the  eidatenoe  of  inter- 
nittant  paranfTOat  In  the  upper  bydsodynamlc  none  of  Intenalva 
water  aoidiange  does  not  prevent  Its  noimel  operation.  Ihera- 
fora,  «rater4seerlng  horizons  can  be  supplied  over  a  wide  area 
at  tha  axpenee  of  (a)  aurface  water  hir  under-rlver  bed  end 
under-lake  bad  tallka  and  (tl  atmoapheitc  water  hy  the  water- 
ahed  taliks.  Here  tte  total  supply  araa  of  artesian  hralmna 
la  soaiewliat  decreassd.  Iheae  flelda  baccne  more  concen- 
trated, and  ttw  latportanee  of  tectonics  Is  laore  evident. 

Nunerous  subaqueous  ground<watar  aiorage  areas  lead  to 
the  fonaatien  of  lelnga  or  of  nonAreesfag  polynyas.  Runoff 
&on  artesian  basins  and  Intensity  of  water  enchange  ara 
eonaidanble.  Many  constantly  actlva  springs  of  trash  water 
and  highly  faicarbOMted  water  in  the  USSR  attest  W  DUa. 
daaplto  the  praaenee  of  a  frosen  lone  of  100  »  ISO  m.  lha 
aqulfareua  stato  of  scara  of  these  aprlnga  aicoeeda  Usat  of  the 

4S9 


Copyrighteu  niuiutial 


springs  undei  sinujjr  hy Jrogi-cjlotjic^^l  cnnditions  outside  the 
perrrsa fros;  iUim.    Thi'     ichinjo  of  such  n  sprmc;  roaches  6  to 
Iv  c.  .J  IT.    •ji;r.  il'.:r:r-q  Ihr  "crUic^l  point  '  of  iho  year,  i.e.  . 
dunrwj  the  period  o;  n.=ix.rnLjri  ijfi'zuig  o[  the  ground,  bofore 
the  sprihg  thaw. 

The  d<>groo  o(  intermittency  of  the  permafrost  zone  inflj- 
•nces  the  chemical  zone.   Where  the  zone  Is  less  Intermittent, 
and  therefore,  the  Intensity  of  exchange  between  surface  and 
ground  water  is  slightly  decreased,  mineralized  waters- 
including  the  sodium -chloride  ones— usually  occur  rathw 
close  to  the  surface.    In  areas  with  a  considerable  waMT 
exchange,  the  fresh  water  zone  reaches  about  100  m. 

In  the  central  and  northern  parts  of  the  permafrost  area, 
where  the  thickness  ol  the  frozen  *on«  reaches  300  to  500  m 
and  sometimes  even  600  m  and  where  the  temperature  at  a 
depth  of  1 S  to  20  in  drops  aa  low  as  '4  to  -S^C  or  lower,  the 
inMrmittency  of  the  ftosan  zona  will  be  substanually 
decreased.   In  most  casea,  the  oantlniiout  talik  sections 
will  become  concentrated  awlnly  imdBf  tiw  beds  of  large  rivers 
and  lakes,  If  the  beds  are  composed  of  panneable  rode*.  Bed- 
rocks composing  the  artesian  basir.  are  froMIt;  tlWMfOW.  the 
Circulation oonditior.f'.  ::rf  ;hf>  wjiter-bearlDB  horizons,  especi- 
ally of  thorn  locd  I      jranu.!:i;ci-,uly  undir  th«  permafrost .  will 
become  worse.  The  effect  of  ihc  cyrogenous  head,  caused 
by  the  free2ing  of  very  deep  water-bearing  rocks,  acquires 
special  significance.  Meanwhile,  there  is  considaiabla 
Inundation  of  waicr-bearing  horizons  and  their  asBOdatad 
daap  fraazlng.  In  regions  characterized  by  aquiferous, 
flsaurad.  orfieavUy  karsted  rocks,  the  frozen  zone  haa  a 
thickness  considerably  leas  than  that  expected.  In  wide 
areas  of  central  Yakutia •  where  pennafrost  thickness  reaches 
300  to  400  m,  lhaire  are  sections  In  which  frash  watar-baerlng 
hoilsons  aiv  foimd  as  deep  as  SO  to  100  m.  Ihts  is  dua  to  the 
doaenesa  to  th*  surfaca  ot  watwHbMilng  atnta  of  flsaurad, 
poious  Canlalan  Uawstona. 

wida  dlstnbuuon  of  vwy  thick,  inpamaabla  potmatoat 
maltaa  Iha  ditefaaxg*  of  gratmd  twatar  aoqnln  soma  spaclal 
fMluraa.  Most  discharge  araas  In  tha  south  aona  an  oon> 
nacMd  with  saetlons  whara  daap  oroslva  downoiittlng  of  rtvar 
vaUays  Is  assodatad  with  consldareUe  tooimle  diatinbsnoe. 

A  vwy  fntSMatlno  phanomnon.  not  yst  fully  stadlod.  la 
obsflived  within  tha  Yakutsk  aiteslan  basin.  The  plaKNneMe 
level  of  subpansafiost  watar  Is  taiokan  up  by  bonholoa  wall 
below  the  naarast  laiye  rlvar  level  and  even  lower  than  eea 
lawsl  •  A  suggestion  has  been  pieposad  that  at  pieeent  the 
ftocen  sone  of  the  region  is  being  degraded,  a  aiodem  tilling 
of  artesian  basins  oeeura ,  and  the  water  ot  aooie  watar-boaitng 
seams  dees  net  discharge  onto  the  surface  et  the  gieund,  Ihls 
is  avptalaed  by  the  thaw  of  tonaer  thick  layers  et  fmsan  tocdts 
fteoi  bslow. 

The  subpannafrost  water  eocunlng  next  to  the  pamafioet 
and  alao  in  nonaallfanMs  rocks  la  usually  dwadwlsad  by  a 
slight  nUaarallsatlen  (up  to  1  to  2  g/llterf  with  sodium  blear- 
bonata,  or  blearbonaie- sulphate  mixture. 

The  prasenee  of  saUferous  strata  sharply  dMnges  penna- 
frost eondlttons.  Thus.  In  nanir  ngtont  of  •est  abarian 
artesian  araas,  whase  Paleiole  dvosttlons  with  high  salt 
and  gypsun  eonient  are  widespmad.  the  ground  water 
possesses  an  Inereased  and  high  otlnarallBatlon,  eftan 
reaching  dozens  (at  depths,  even  hundredd  ot  grams  per  liter. 

The  eoM  belt  of  tho  earth  Is  teiuarkalito  In  havteg  two  sonas 
within  It:  the  upper-frosen  none,  efMnotlmoB  raacfalng  300  m, 
where  all  tha  roeik  petas  and  flsauras  are  filled  with  Ice  and 
am  tharefon  InpsnMshle,  and  the  lower  aona  about  100  m 
thick  and  mora  n^wra  rocks  era  oooied  ftom  2*  or  2*C  below 
zero  to  0*C.  Considering  ihet  the  ground  water  Is  highly 
mineralized,  the  loeks  at*  not  eenemed  with  ice.  end  thera- 
fon  stlU  possess  watsrbesKng  featuns .  AvaiiahtllQr  of 
negatlve-tesipsntura  ground  wetsr  In  the  liquid  phase  Is  one 
of  the  speetfle  features  of  some  regions  of  the  arae  under 
oonaldaratlon. 


HYDROGEOLOGICAL  FOLDED  AREAS 

Rydrogeologloal  folded  araas  of  east  Slbeito,  north  and  north- 
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east  o:  the  A.'ii.^tic  p,in  of  t.'n'  USSR,  .5:0  com;jlt.';cly  included 
in  the  rrozen  zones.    Besides,  there  are  separate  frost-bound 
ares-,  of  different  size  In  Altai.  Tlcn-Shan.  and  the  Pamirs. 
Depending  on  the  intensity  of  rock  freezing,  the  ground  water 
of  Quaternary  deposits,  fractured  zones,  and  crusts  of 
weathering,  fissured  as  well  as  veined  fault  water,  provides 
transition  from  the  liquid  into  the  solid  phase,  und  thus  Is 
excluded  from  water  circulation.    Accordlrvg  to  the  most  recent 
data,  freezing  Is  believed  '.o  hnve  penetrated  to  about  900  n. 
Freezing  of  hydrogeological  folded  areas  closely  affects 
ground  water,  disturbing  its  relation  to  surface  water,  water 
exchange,  etc.   Except  lor  atmospheric  and  surface  water 
supply,  nvountainous  areas  are  characterized  by  supply  at 
the  expense  of  condensetlon  of  water  vapor  in  large- blocked 
hillside  wastes  formed  where  exceptionally  high  rock  dla- 
integrauon.  caused  by  sharp  air  temperature  fluctuations, 
exists. 

The  most  favorable  conditions  for  circulation,  supply,  end 
discharge  of  subpermafrest  ground  water  are  related  to  the 
fractured  rocks  located  In  the  sonesof  Recent  tectonic 

movements. 

The  hydrogeological  (bided  sraas,  whan  tntarmontana  and 
other  artesian  basins  of  various  types  and  slsos  St*  located, 
differ  considerably  from  the  area  without  artesian  basins.  The 
contacts  of  such  tniend  basins  with  their  bordering  crystalline 
and  metamorphle  rocks  of  hydrogeological  massifs  are  often  of 
tectonic  nature— by  tha  full  perimeter  or  in  one  or  two  basic 
directions.  They  are  accompanied  by  thrusts  or  faults.  Water 
is  abundant  within  the  zone  of  tectonic  rock  jolntlitg.  The 
tectonic  fractured  zones  with  festhorad  Joints  often  extend 
down  Into  the  hydrogeological  masslt.  In  this  OSSe.  supply 
of  the  maiginal  rocks  of  the  massif  will  most  irequently  pro- 
ceed at  the  expense  of  the  artesian  bstin  waters.  For 
Instance,  water  bom  the  Chubnan  artesian  bssin  sup^lss  a 
laiye  lift  sone.  passing  alortg  the  south  border  of  the  Aldan 
crystalline  massif.  Here,  at  a  disunce  of  several  kllometars 
within  the  range  of  ctysulUne  roacs.  the  discharge  of  finaetura 
sulphate  water,  iscmad  in  the  bowels  of  dio  Chulman  artaalan 
basin  and  migrating  wltidn  the  overlap  zone  of  Jurassic  and 
Arohean  rocks ,  can  be  observed. 

Discharge  of  subacqueous  brings  in  this  ana  may  often 
reach  hundreds  of  liters  (sewanl  cubic  metara  per  saoonttf 
duilng  the  ctltloal  padod  of  the  year.  The  kerat  beslns  of  the 
Vetkhoyansk-XDlyaiB  hydragetdogleal  fi»lded  eraa  probably  pli^ 
a  alaaiar  function  la  supplying  flie  fraetnra  and  vein  water  of 
tedonle  fatdts  aess'«uiilno  rocks  of  the  Paleosole  and 
Burfacw  tiOmpleat. 

Ahundam  water  In  orystalllno  and  other  rodtz,  with  no 
relation  to  the  bsstns.  Is  In  maiv  oases  similar  to  what  was 
nontlonad  above  and  Is  associated  with  the  zones  et  locfc 
crushing  and  also  to  nonftaeslns  tallks  under  rtvar  bads, 
OMbows,  and  flood-plain  temoes.  As  a  rale,  the  aqulfsteus 
state  ot  the  rocks  is  net  the  same.  This  la  proved  by  the 
heterogenaouB  composition  of  rooks  and  le  dlstlnetly  msnl- 
fastad  in  sections  whan  rocks  of  dlfferont  parmeehUlty 
change  one  Into  another.  In  such  a  esse,  dlsehaige  of  the 
springs  is  about  30  to  00  liter/see.  Valleys  composed  of 
fissund  bedrock  and  undsnlver  bad  alluvium  firaezlng  In 
winter  an  eharaeterlzed  onb^  by  temporary  seasonal  springs 
that  supply  the  lolngs  at  the  very  bsglnning  ot  winter 
(Ootober  to  Novembef). 

Under-rlver  bad  Hows  of  such  vaUeys  an  extnawly  saiaU 
or  absent.  Watar  abundancy  on  the  contact  of  the  orystalUna 
and  sedlBMMaxy  rocks  may  be  nlatlvety  increased.  In  the 
BWuntalnouB  anas  of  the  northeast  USSR  composed  ot  neks  of 
010  Vaiktaoyansk  complex  nprasentlng  a  sandy' aeblsiose 
stratum  and  effusive  rocks,  the  discharge  ot  spnngs  under  tha 
most  ftvorable  conditions  swy  naeh  1000  to  3000  liter/ sec. 
In  winter,  a  considerable  poitlon  of  the  flow  adda  to  the 
growth  of  the  perannlal  icings  that  have  a  thitdcness  of  8  to 
S  m,  an  many  kllometen  long,  and  have  an  area  of  dozens 
of  squan  kiloantera.  Xhe  watar  souroa  of  tha  gigantic  Idagz 
la  northwest  USSR  is  being  dlscuaead  «t  peeaont. 

Water  temperatun  of  the  ground^water  storage  araas  in 
winter,  a*  a  rale,  is  eloee  to  zero  and  does  not  exceed  i°c , 
ONoept  in  some  large  sWraga  sraas  whoie  It  rseches  i'  to  (t'O. 
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A  hlQh  waMr  tanpmture  with  MUll  aprtaiQ  (UschMVe  !•  Indlca- 
ttv*  of  the  proMnoe  of  wsU<wathad  and  relatively  etralalit 
Rniloe  of  water  diculatlan  at  great  depthi.  Of  eouree.  It  Is 
not  a  question  of  thenul  iprlnsa  whece  htgli  tenperature  to 
eaueed  by  the  praeenee  of  Reeent  faulu  and  eleo  liy  tfaair 
eloee  toeatlon  lo  Recent  voleanle  foot- 
When  other  oondltlone  are  equal ,  the  tenperature  of  the 
Melonty  of  the  mrthem  subpermafteat  aprlBaa  le  below  0.2' 
to  O.Cc,  whereas  In  the  south  of  the  pemefltest  ledte,  the 
tenpantim  Is  afaeve  0.4°  to  l^C. 

Artesian  waisr  systaeia  of  JMats  are  fomed  during  fmesUip 
of  hyUtowoohnMoei  naaslfs.  wherein  the  ftanen  none  sanres  as 
«n  tsipsnseebie  roof.  Such  InpenaeaUa  Joints  tarn  the  basins 
of  eubpema6est  water  sonswhat  slsillar  to  the  artesian  bsslns. 
Tboreiai».  there  Is  every  mason  to  distinguish  sucih  peroialiOBt 
hydfOffeoioglcal  structures  as  ciyogenous  Joint  preasura-lieed 
basins*  Among  the  cryogenous  basins  of  Joint  prsssurs-hosd 
water  of  the  Verichoyano-  Kolynsk  hydrogeologicsl  touted  sxee. 
the  laige  and  eemplleeted  besin  of  the  Momo-Selenyakhsk 
deprestlen  should  be  noted  along  with  odiers  smeller  In  else. 
These  basins  are  now  being  studied. 

the  ststsd  featuKS  of  the  hydiogeologlcal  oondlilens  of  the 
aneslsn  hsslns  and  hydtogeologleal  folded  areas  looated  with* 
In  the  pensafrost  region  should  always  be  oonsldefod  twhen 
piospeottng  or  using  ground  water. 

Within  the  peraaftost  region  of  the  USSR,  ground  water  of 
various  origins  Is  distinguished,  such  es  that  of  sivfsoe  re- 
ebaige.  IMs  ooeurs  et  the  eiqiense  of  etmospberle  preelplts' 
tlon.  river,  lalee.  end  see  weter.  es  well  as  sedlsientstlon. 
Juvenile  and  condensetian  water.  Qiound  water  can  be  either 
old  or  leeent  water. 

Intaraetlon  of  solid  and  liquid  phases  of  ground  water 
throughout  the  developnent  of  p«nefkoat  (repeated  treeelng 
and  ttiBwUig  of  lodcd  changes  the  weter  feettns  of  ledks. 
water  redlstilhutlea  In  aquifers,  and  seperatfng  rock  aiasses. 
In  addttion.  It  elso  lesds  to  the  tdianga  of  pressure  and  plese- 
metrlo  levels,  ehemlcel  oenposltlon,  and  physical  properties 
of  ground  wetsr.  Ml  these  processes  proceed  against  the 
general  background  of  the  developnent  of  water  exdiange 
between  ground  and  swfooe  wel«r  and  also  between  the  per- 
manently and  seasonally  frosen  lorts.  In  eddltion.  ihey 


determine  distribution  of  groundwater  storage  areas  (the 
temporeniy  stationary  solid  phase  and  nonstoUon«r>'  liquid 
pbast}  and  their  change  in  time  and  space. 

Baale  theoretical  principles  of  hydrogeology  on  USSR 
permafitost  sreas  are  briefly  covered  in  this  report.  Although 
we  ere  not  familiar  with  the  American  generalised  works  on 
hydiogsology  in  which  the  lews  of  supply,  drculetlen,  end 
discharge  of  ground  water  have  been  presented,  eonsldaratlen 
of  the  following  itasas  trould  bs  intsreiUng  and  Inwertant; 

1.  So  what  ement  the  hydngeelogleal  laws  of  the  USSR 
ereaa  of  petmaCiost  eonespaud  to  those  In  North  Amerlos; 

i.  10  dieeuss  the  pdneipleB  of  hyd^eotogleel  sonlng  and 
function  of  tiie  frosen  looe  in  formetton  of  the  hydrogeotoglcal 
featurss  of  the  deSnsd  struetural  tinttst 

3.  To  oonsMor  the  problems  of  prespeetlng  and  explerlng 
ground  water  In  (he  deHasd  hydrogeotogleal  structures  and 
basins. 
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DISCUSSION— SESSION  8 


SMIITMBr  MID  HYDIUULIC  ENGnVEBIONG 

lARS-ERIC  JMiaON-ror  people  woriang  on  Mnltaiy  and 
hydreulic  cngineertag  pfojeets  moaW  nglons,  tt  l«  aftan 
naeeisaiy  to  try  to  nitn  tatle  wwifeh  problmt,  beeavM 

9iebl«M  an  fairty  naw  and  llttla  ivMaieh  has  baaa  dona 
In  IMS  flald. 

The  tntenuon  heta  la  to  deal  wUh  walir  sttuply  syttsms  in 
cold  regions  «rlth  special  rafaianea  to  dlattlbullMi  ay atanM 

and  to  relate  this  suhlect  to  Swadlah  oondltlona. 

Sweden  is  situated  (between  lat.  SS*  and  W  N.)  in  the 
same  latitudes  as  Ateska.  In  spite  of  the  latitude,  wo  have 
no  actual  permalrost  regions.  This  effect,  intaralla,  la  duo 

to  warming  by  th<^  GuK  Stream.  However.  In  the  north  of 
Sweden  the  seasonal  frost  In  ground  which  Is  kept  clew  Of 
snow  panetretes  to  such  a  d«pth  that  resulting  problems  are 
very  closely  related  to  those  occurring  in  permafrost  regions. 

The  problem  may  be  divided  Into  three  parts,  depending 
upon  the  climate  of  the  region,  tn  the  middle  parts  of  the 
temperate  zones,  the  problem  is  Insignificant,  since  it  is  both 
practK^al  and  economical  to  lay  the  pipes  at  a  depth  which  is 
below  the-  gre<i(o.st  seasonal  frost  penetration. 

Within  permafrost  regions,  the  problem  Is  not  so  simple, 
for,  as  Is  well  krtown,  the  ground  is  frozen  to  a  vaiy  9faat 
depth  during  the  winter.    Nonrunnlng  water  cannot  exist  as 
a  liquid,  and  it  is  r-r-cfssary  to  compensate  artificially  for 
the  heat  losses  which  otherwise  would  cause  formation  of 
ice  in  the  pipelines. 

However,  the  problem  Is  even  more  complicated  In  areas 
5ltu.i;rd  brvwon  ;ho3<-  tw;  roglcris,  I.e.,  within  regions 
where  the  rrian  onnuol  jii  temperature  Is  close  to  freezing 
point.    Normally,  the  seasonal  frost  p.;r.etratc5  between 
2  and  3  m  below  <1  snowfree  ground  s..:rtt!(;e  .    [n  .such  cflies, 
my  Investigation  ah^iwa  thni  only  ■.  aUgtit  .'.r.rl  ir.ir.'; li-n I  ch.inge 
In  annual  heat  balance  o!  the  ground  may  displace  the  .jnnual 
mean  ground  temperature;  consequently,  the  frost  depth  rr.jy 
Increase  from  the  normal  depth  of  2  to  3  m  to  considerably 
..ityi:r  .Mlui'.;.    Such  a  change  In  the  heat  balance  may  be  due 
!o  ti  ir..tn5ii  nt  ih.irige  of  climate — e.g.,  cooler  summeia  and 
more  scveie  v.in:i;rs.    [t  nny ,  however,  also  be  due  to  a  sea- 
sonal chnngn  in  th.-  h<'it  !;onstants  o(  the  soil.  The  heat 
transier  ;o  jnd  '.i-jw  the-  ground  Is  pr' oijuri l<j:  a  1  to  the  Square 
root  ol  the  '.hernial  I  c-inductiv:ly  ond  the  specific  heal  of  the 
soil.   Thus,  i!  the  sr.W  ;l;  dry  iuri:<g  summer,  thermal  conduc- 
tivity .nnd  Tiii'dtic  he.ii  will  1j<-  low;  rcir.si'ijuently ,  heat 
ti  jniifer  t.j  the  rjicjund  will  jl3c  be  redjced  .    If  3!j11  Is  moist 
during  the  foUowtng  autumn  due  to  extensive  precipitation,  the 
tbamal  oonduetlvlty  and  tto  apactfle  haat  will  baoome  greater; 


oonaequently.  haat  lofiai  from  tha  gmmd  will  )m  gmlar. 

Iba  rasult  la  that  wlibin  areas  whara  water  ptpaa  nomUy 
do  not  toesa,  If  Dwy  are  laU  with  a  oowsr  of  2  to  3  eon- 
•iderable  iroiibte  aay  arlia .  alnea  widar  imtevonUa  eoodl- 
llens ,  the  pipes  will  flraaaa .  Such  conditions  faay  ecov  at 
any  time . 

Thus,  large  areas  bordering  the  permafrost  regions  need 
artificial  power  to  keep  water  pipes  from  freetlng  during 
unfsvcrsble  conditions.  Either  recirculation  or  electrical 
heating  ean  ba  uaad. 

To  analyxa  thaaa  problana  In  Swadsut  awaiuraoMnti  tt 
ground  tenperaturas  and  soil  eoaataata  art  balnf  aada  at 
21  Stwedlsh  statlona.  Tastparatuie  Is  measured  with  laslst- 
anoa  thamoflMtara;  tharraal  conductivity  is  measured  accordliiB 
to  tha  nonstatlonary  haai  flow  siethod  by  thermal  conductivity 
probes.  The  purpose  is  to  draw  frost  depth  maps  (or  Sweden, 
especially  with  regard  to  the  economical  depth  (or  laying  water 
mains.  At  each  station,  frost  depth,  thermal  conductivity,  and' 
moisture  content  of  the  soil  are  measured  In  four  different  ver- 
ticals (two  m  bare  soil  and  two  in  snow-covered  soil) .  The 
relations  between  thermal  conductivity,  moisture  content,  and 
density  for  current  soil  material  are  determined  at  the  labora- 
tory.  In  each  measurement  section,  there  are  S  to  10  probes 
placed  hcriz:  r  l  illy ,  from  the  ground  surfncf-  t:.^  n  depth  of  2 
to  3  m  below  the  ground  surface.  At  certain  stntions  probes 
arc  also  placed  in  position  above  the  ground  surfdrre  making 
it  possible  to  detcrTilr.e  the  temperature  and  thermal  i_:i,ndijc- 
tivity  cf  &c  su'ow  .    Thi'  ' ■  rr. f <•  r j tu re  13  determinrd  i.ince  a  week 
and  the  thern.:jl  cor.u-  r.r.iiy.  as  well  as  the  moisture  o^ntont, 
feu.*  ::  t. fries  [_t.r  ye.:ir  .   As  a  rule,  the  statlius  j.'-:- 

situated  near  Uie  nieteorologlcal  stations  of  the  Swedish 
Meteorological  and  Hydtoiogical  Institute  (SMHI)  from  which 
the  climate  describing  magnitudes  are  obtained.   By  deter- 
mining the  lowest  temperature  of  the  ground  as  a  functlun  of 
the  depth  below  t.ne  ground  surface,  as  well  as  the  duration  of 
those  tempcr.iture 3  ,  the  n.ost  Important  factors  are  obtained 
concerning  the  calculation  of  heat  losses  from  a  water  pipe  at 
any  depth  whatovar  bolow  0ia  ffwmd  atlffeoe  In  all  typea  of 
cold  regions . 

When  the  amount  of  con-.penaatlng  heat  that  must  la-  added 
to  the  welter  [iip<^  is  kr.own  ,  wi'  will  have  tc  choose  an  ade- 
q'uate  he:il;ng  systeT, .   The  simp  leat  way  :s  to  keep  the  water 
running  in  the  plp^es  by  bleeding  at  certain  points  of  the  die- 
tilbution  system.    Other  metlioda  ate  forms  of  recirculation 
(with  or  wllhii-.jl  artlllclal  heating  cf  watot)  and  heatl.ig  of 
water  plpt-s  by  electrical  heating  i;ablea  or  electrical  dluffl- 

butlon  wires.  Many  papers  presented  (or  Session  6  gave 
daserlptlMia  of  thaaa  aiadiods. 
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SESSION  IX 
EARTHWORK  AND 
FOUNDATION  ENGINEERING 


PLACER  MINING  IN  FROZEN  GROUND 


E.  H.  BEISTUNE,  University  of  Alaska 


Gold,  won  Uom  the  frozen  placer  deposits  of  the  Klondike, 
Yukon  Territory,  Canada,  touched  off  a  stampede  of  men  into 
the  Northland  In  IBSB  that  seldom  has  been  equaled.  Prospec- 
tors and  miners  searching  for  gold  and  other  valuable  minorala 
and  metals  in  btjried  alluvial  deposits  of  sand  and  gravel 
(placer  deposits)  cncounlorod  now  and  unusual  mining  condi- 
tions In  the  winter  cold,  short  summer  season,  and  perma- 
frost [1].   Miners  could  not  bypass  permafrost  if  they  were 
to  recover  gold  from  the  frozen  deposits. 

[>urlng  and  after  the  rush  to  the  Yukon  Territory  and  Alaska, 
permafrost  proved  to  be  an  asset .  Its  good  ground  support  to 
walls  and  roofs  of  the  openings  permitted  deposits  to  be 
exploited  where  difficult  ground-support  conditions  existed. 

High -cost  underground  methods  have  been  replaced  by 
revolutionary  surface  earth-moving  equipment  In  placer  mining. 
Permafrost  adds  to  cost  of  surface  mining,  although  often  It  is 
helpful  in  giving  better  prospect  drill  results  and  mining  con- 
trol.  Modern  placer  mining  Includes  thawing  of  deposits 
before  excavation  because  machines  have  not  yet  been 
developed  that  will  dig  frozen  placer  gravel  economically. 

Phases  of  placer  mining  affected  by  permafrost  are  reviewed 
rather  than  mining  methods  which  may  be  found  In  mining  liter- 
ature .  The  following  generalized  description  of  placer  mining 
alms  at  providing  a  perspective  from  which  to  view  various 
phases  of  such  mining. 

A  typical,  burled,  frozen  placer  deposit  in  interior  and 
northwestern  Alaska  Is  Illustrated  in  Fig.  1.  The  overburden 
often  has  passed  through  several  cycles  of  freezing  and  thaw- 
ing. Is  usually  loess  made  up  of  fine-grained  particles  (84  to 
88%  arc  finer  than  2S0  mesh  [2]),  and  does  not  contain  pre- 
cious metals.  Some  loess,  grayish  black  In  color  and  rich  in 
organic  material,  is  termed  muck  [1,  2],  Some  samples  of 
overburden  have  as  much  as  7S%  moisture  although  many  sam- 
ples from  the  Klondike  Indicated  an  average  of  about  44%  by 
weight.  However,  the  amount  is  variable  and  ice  masses  are 
common  [3,  4j.  Overourden  depth  is  usually  less  than  100  ft 
although  greater  depths  do  exist. 

Heavy  mineral  concentrations  are  not  found  in  the  over- 
burden, but  remains  of  Pleistocene  animals  such  as  the 
mammoth,  mastodon,  and  saber-tooth  tiger  exist.  Beneath  the 
overburden  is  frozen  gold-bearing  creek  gravel  that  contains 


Fig.  1.  A  churn  drill  used  for  exploration  of  plaoar  deposits 


varying  amounts  of  ice  (10  to  12%  by  weight  [4])  which  is 
usually  less  than  100  ft  deep  although  some  deeper  deposits 
have  been  mined.  Heavy  metals  and  minerals  may  be  found  in 
the  gravel,  but  often  a  concentration  (paystreak)  is  found  on  or 
lust  above  bedrock. 

Mining  the  deposit  consists  of  outlining  economic  mlnirvg 
limits  by  exploration  (usually  drilling);  obtaining  and  devel- 
oping a  water  supply:  removing  the  overburden  (stripping)  from 
the  deposit  by  hydraulic  or  mechanical  means:  thawing  the 
gold-bearing  gravels  by  cold  water,  steam,  or  solar  methods: 
and  excavating,  transporting,  and  washing  the  gravels  to 
recover  the  heavy  metals  by  mechanical  (tractors,  draglines, 
pumps,  sluice  boxes),  and  hydraulic  methods  or  dredges,  or 
both.   Underground  placer  mining,  known  as  "drift"  mining, 
consists  of  sinking  a  vertical  shaft  to  bedrock,  thawing  a 
relatively  small  depth  of  gravel  and  t>edrock,  perhaps  to  6  ft, 
mining  by  long  wall  retreating,  hoisting  the  material  to  the 
surface,  and  sluicing  it  to  recover  the  valuable  products. 

PROSPECTING  AND  OCPLORATION 

Basic  data  to  determine  feasibility  of  mining  is  usually 
obtained  from  frozen  placer  deposits  by  drilling,  shaft  sinking, 
or  surface  trenching.  Drilling  and  shaft  sinking  may  be  done 
throughout  the  year  except  during  very  cold  and  severe 
weather.  Frozen  surfaces  facilitate  the  movement  of 
equipment. 

l>llllnq 

Churn  drilling  that  does  not  use  circulating  water  still  Is  the 
conventional  method  of  sampling  frozen  placer  deposits  in 
Alaska  (Fig.  1) .  Advantages  of  churn  drilling  in  frozen  ground 
are:  (a)  Casing  Is  not  required;  (b)  there  Is  less  sloughing  and 
'salting*  of  samples,  and  (c)  volumes  may  be  measured 
accurately. 

The  technique  used  to  measure  the  volume  of  drill  holes  In 
frozen  gravel  consists  of  adding  known  increments  of  cold 
water  (0.2S  cu  ft)  to  the  vertical  section  of  the  drill  hole 
through  a  hose  to  prevent  wall  sloughing,  measuring  the  rise 
of  the  water  with  a  float  fastened  to  a  surveyor's  chain;  again 
adding  water,  then  continuing  the  cycle  until  the  water 
reaches  the  top  of  the  pay  horizon,  tn  the  volume  and  value 
calculations,  adjustments  are  made  for  water  seepage  entering 
the  hole  during  the  time  of  measurement. 

Rotary  drilling  (using  liquid  or  air  for  removing  cuttings) 
and  augering  have  been  in  limited  use  for  prospecting  frozen 
ground.  Recent  successful  use  of  such  types  of  drilling  by 
research  agencies  and  Industry  Indicates  the  possibility  of 
using  such  techniques  In  placer  exploration. 

Shaft  Sinking 

Prospect  shafts,  4  ft  by  5  ft,  wood  cribbed,  are  sunk  through 
frozen  material  by  breaking  the  permafrost  through  hand  pick- 
ing, thawing,  blasting,  or  boring  holes  of  large  diameter. 
Thawing,  with  steam,  often  generated  in  small  prospect 
boilers,  has  been  used  more  than  other  methods.  A  minimum 
of  timber  for  ground  support  is  required. 

Trenching 

Excavating  trenches  In  alluvial  deposits  by  hand,  mechanical 
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equipment,  or  hydraullcking  allows  complete  vertical  sections 
to  be  exposed  and  sampled.   When  surface  overburden  on  the 
trench  area  is  removed,  the  gravel  thaws  by  heal  or  the  atmos- 
phere.  Thawed  material  is  excavated  and  a  fresh  face  is 
exposed  for  thawing.  Economic  trenching  depends  upon 
exposing  sufficient  frozen  material  to  the  atmosphere  to 
provide  enough  thawed  material  to  keep  equipment  working 
at  maximum  capacity. 

WATER  SUPPLY 

A  copious  water  supply,  essential  to  placer  mining.  Is  brought 
into  the  mining  area  by  pumps  and  pipelines,  or  by  ditch 
systems  from  streams,  rivers,  or  reservoirs. 

Ditch 

Miners  avoid  permafrost  whenever  possible  during  ditch  con- 
struction. They  can  do  this  somewhat  by  locating  the  exca- 
vation on  southern  slopes  exposed  to  the  sun,  A  system  cut 
in  frozen  materia)  can  become  Insulated  by  the  thawing  and 
compacting  of  site  material.  Sealing  and  added  Insulation  may 
be  Increased  by  precipitating  solid  particles  of  soil  added  up- 
stream. Water  velocity  must  be  sufficiently  slow  to  prevent 
erosion  [ 5] . 

Ice  masses  In  ditch  systems  are  conducive  to  ditch  breaks 
because  a  small  trickle  of  water  cuts  the  Ice  and  surrounding 
frozen  material  and  causes  the  destructlo.-i  of  large  sections  of 
ditches  In  a  short  time.   V^'hen  Ice  masses  arc  encountered, 
they  ore  excavated  to  a  depth  of  several  feet,  then  the  ditch 
bottom  is  filled  to  grade  level  with  alternate  layers  of  moss 
and  gravel.  Continuous  surveillance  is  necessary  to  prevent 
ditch  breaks . 

riuroe 

Flumes  or  pipelines  may  be  used  to  bridge  difficult  permafrost 
areas.  Provisions  must  be  made  to  prevent  water  teaks  from 
undermining  supports  by  cutting  permafrost. 

Reservoirs 

Dams  ore  used  to  store  water  (or  stripping,  thawing,  and 
mining.   Many  are  earth  dams  that  are  easy  to  construct,  have 
relatively  small  capacity,  and  are  seasonal  or  temporary  in 
nature.   Ico  masses  as  well  as  structures  (penstocks,  waste 
gates,  and  spillways)  that  rest  on  frozen  ground  should  be 
Insulated  against  thawing. 

An  exception  is  an  earth  fill,  frozen  core  dam  that  has  a 
usable  capacity  of  6000  acre-ft,  length  of  1640  ft,  height  of 
75  ft,  and  top  and  bottom  widths  of  22  and  340  ft,  respectively. 
Such  a  reservoir  was  a  part  of  a  $1.3  million  water  system 
(built  by  Callahan  Zinc  and  Lead  Co.)  for  placer  mining  opera- 
tions on  Llvongood  Creek.  Conslnictlon  began  In  1941,  was 
Interrupted  by  World  War  II,  but  was  completed  In  1946.  Hess 
Cre^k  dam  was  built  on  a  permafrost  foundation  of  gravel  and 
bedrock  and  was  anchored  to  the  frozen  material  by  freezing  a 
center  core  l6,  7].  This  was  done  by  removl.ig  the  overburden 
to  foundation  grade  and  Installing  pipes  In  the  mass  of  the  dam 
on  both  sides  of  a  center  longitudinal  line  of  sheet  piling  to 
carry  a  low  freezing  liquid.  Freezing  was  done  by  circulating 
a  low  freezing  liquid  (Stoddard)  during  winter  months  and  thus 
using  winter  winds  to  keep  the  Stoddard  below  32°F. 

Freezing  rate  was  determined  by  thermistors  during  the 
initial  hydraulic  fill,  but  these  became  unusable  during  the 
final  stages  of  roll-fill  construction.  The  dam  was  entirely 
satisfactory  for  water  storage  although  occasional  ice-wedges 
developed  in  tension  cracks  in  the  upper  portion  of  the  dam  to 
depths  below  water  level  In  the  frozen  core.  These  were 
removed  by  hand  excavation  and  the  voids  were  filled  with 
dam-site  material. 

Water  was  transported  to  the  mining  area  by  a  3300  f; 
tunnel  that  was  constructed  through  about  300  (t  of  frozen  muck 
and  3000  ft  of  frozen  gravel.  The  tunnel  was  excavated  by 
sinking  three  shafts  (maximum  depth  ISO  ft)  along  the  center- 
line  of  the  tunnel  and  driving  tunnel  openings  at  both  ends . 
Conventional  drift -mining  miethods  were  used.  These  con- 
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sisted  of  steam-thawing  the  gravel  and  hauling  thawed  moterlol 
to  the  surface  through  shafts  and  drifts.  A  42  In.  dla.  redwood 
pipe  was  installed  in  the  tunnel  to  carry  the  water.  Tunnel 
portals  were  sealed  during  summer  and  opened  in  winter  to 
allow  cold  air  to  circulate  and  rotreeze  gravels  that  thawed 
during  summer.  Water  leaks  and  caving  in  the  Intake  end  o( 
the  tunnel,  which  was  In  frozen  muck,  required  alteration  In 
construction  and  continued  maintenance .  The  portion  of  the 
tunnel  in  gravel  required  added  maintenance  only  because  of 
condilior.s  created  at  the  Intake. 

Design  features  of  the  dam  are  being  presented  at  this 
conference  by  O.  W.  Simonl  In  this  volume. 

REMOVAL  OF  OVERBURDEN  (STRIPPING) 

The  frozen  loess-muck  overburden  can  be  removed  by  water 
and  mechanical  equtpoMnt  during  thawing  at  summer  tem- 
peratures . 

Water  Strlpclnq 

Hydraullcking— Hydraullcking  uses  water  under  pressure  which 
usually  flows  through  steel  pipelines  and  nozzles  for  caving 
and  transporting  muck  and  gravel  (Fig.  2), 

Efficient  removal  of  frozen  overburden  requires  that  a  large 
area  be  cleared  of  vegetation  and  exposed  for  thawing .  About 
every  24  hours  the  thawed  material  is  washed  and  carried 
away  in  suspension  by  water. 

For  largo-scale  operation,  a  series  of  nozzles  with  dps  of 
2.5  to  4  in.  in  dla.  and  with  working  pressures  of  SO  to 
120  psl  are  arranged  so  that  the  working  radius  of  each  nozzle 
does  not  overlap  others.  If  considerable  Ice  is  present,  a 
continuous  spray  of  water  may  be  used  I5] .  During  the  1963 
mining  season,  Harold  Schmidt  (Balic-rclte  Mines,  Yukon  Terri- 
tory) used  a  typical  Irrigation  spray  for  removing  muck  with 
apparent  success. 

Field  tests  an  thaw  rate  of  muck  in  the  Fairbanks  area  show 
the  following  results,  although  such  rates  vary  greatly  with 
the  composition  of  the  material  and  temperature  I3]:  Depth 
of  natural  thaw  was  1  In.  for  1  hour,  2  In.  for  4  hours,  3  In. 
for  1 2  hours ,  and  4  in .  for  24  hours . 

Best  water  duty  (cubic  yards  of  material  moved  per  unit  of 
water)  is  obtained  when  about  4  In.  of  muck  is  available  for 
transporting.  Water  duty  varies  greatly,  but  may  average 
about  20  cu  yd  per  mtnor-ln  ./day  [S].  In  Alaska  one 
mincr-ln ./day  equals  1 .5  cu  ft/mln  flowing  for  24  hours. 
Hydraulic  stripping  is  usually  confined  to  five  months  (May  to 
October)  in  interior  Alaska  . 

Blasting  of  muck  overburden  (at  operations  of  U.S.  Smelting, 
Refining,  and  Mining  Co.  near  Fairbanks)  is  somewhat  advan- 
tageous In  conjunction  with  hydraulic  stripping.   More  surface 
area  is  created  by  blasting  large  chunks  and  hence  thawing  is 
expedited.  The  average  water  duty,  in  cubic  yards  of  material 
broken  per  pound  of  explosive  (4C^  gelatin)  (or  large  pieces, 
was  9.91  cu  yd  In  interior  Alaska  during  one  season.  Dlsirib- 
uting  explosives  in  several  small  charges  rather  than  in  a 
single  largo  charge  gave  best  results.   Holes  in  the  muck  for 
the  explosives  were  mode  with  a  conventional  cold  woter  point 
of  0.75  m.  using  water  supplied  from  nearby  hydraulic 
lines  [S] .  The  depth  of  holes  varied  to  place  the  charge  near 


Fig.  2.  Hydraulic  stripping  of  muck  overburden  to  expose 
underlying  frozen  gravel  and  sand 


th*  MitMr  o(  Ite  lMt«*  dMiOka  oi  auCk  and  uiuaUy  «nra 
than  20  ft  dMp. 

Dralna  to  carry  <nMrbuvdaa  in  nispanaion  §nm  itrlppimi 
wMi  to  mtor  river  dMaageB  «•  ••■entUI  and  uamlly  aro 
oat  by  iMwviaa  niifua  vogotatiaa  froa  tho  dnla  Uiw  and  tiiaii 
eoMrelling  a  ttaiar  flow  cm  dia  pamalmat.  Oonanlly,  tha 
drato  la  oat  dinuth  dia  liraaaa  ovatbunten  In  a  aatlaa  of  falla 
ibat  iMwat  lowanl  Oa  Intaka  of  «M  dMia.  latttng  «M  final 
^ada  «n  ttia  vndarlitag  gwvvla.  Slaattaig  and  pleidng  mmr  ba 
naoaaaoiy  to  oontrol  the  dtoaoiion  and  width  of  dw  flnlahad 
out.  Ftofirably.  dw  *abi  ihould  bo  atral«ht,  wldi  long  ladU 
whwa  eurvaa  aro  naoaaaaiy.  and  a  Binlaum  grada  of  0.15%. 
ftnall,  erookad.  aKlatlng  aiiaaaa  ahauld  notbo  uaad  li,  8]. 
If  aand  la  oarrM  bi  lbs  *ato  with  dw  nuek*  tt  nwat  be  pn- 
WBiad  inn  aniaring  riwar  cbaaaala.  TMa  la  dona  by  oollaot- 
lag  iba  aand  In  a  wvmp  In  tha  drain  form  whara  It  U  naowad 
by  a  acraper  or  dragUna. 

Ground  slutctna-GroiMd  aluleing  uaaa  flowing  walar  not  undar 
praaawa  to  cava  and  mnaport  amok  and  gravol.  Wtalar  ftoai  a 
atnam  or  raaanolr  may  ba  oonfbwd  to  cutting  a  nairow  ehaiH 
nal  tp  giawai  aa  In  oonatnicting  a  drain.  Flewtaw  walar  la  than 
dliaclad  toward  tba  ovariandan  (aot«  oaualng  dw  aaiek  lo  eava 
Into  dw  atnani.  Tba  natfiod  awy  ba  adaiMod  le  awat  looat 
eondlttona  of  walar  aupply,  froaaa  nlartal,  and  typa  of 
eiwbwdan. 
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Excavating  permafrost  overburden,  per  se ,  Is  not  practical  for 
placer  mining  in  Alaska.  Surface  vegetation  is  usually 
removed,  allowing  a  thin  layer  of  permafrost  to  thaw;  then 
thawi.!d  maivr!al  Is  removed  so  that  thawing  can  continue  mora 
rapidly.  This  is  done  with  varloul  ■mTIMHBIttiT*  ol  tractor* 
aAd4oaers.  dragllnas,  ahovolat  convayora,  ate.  Aa  wrlth 
hydraulle  tarlpplag,  a  larga  ana  aniat  ba  axpoaod  to  allow 
maximum  aq^ipmant  uta. 

In  recent  years,  tractor- mountad  Or  twctor- pulled  rtppara 
ham  bam  uaad  by  aovaral  ailna  «paratora  to  braak  tha  ovar- 
boidaa  and  dws  Imvaaaa  tha  alrlivbig  rata. 

Combination 

It  Is  posslblp  ".o  use  various  comb;nati:;ns  of  oxcavatlng  mate- 
rial wl'Ji  mechanical  equipment  and  then  F'-'rfo.-Tn  the  hydrau- 
llcklng.   As  an  example,  an  oper.-cut  coal  iri'-nlng  operator 
blasts  the  frozen  sandstone  and  then  hydrauUcks  the  material 
from  the  area.    Often,  some  overlying  gravel  is  pushed  Into 
the  drain,  and  this  requires  mechanical  equipment  to  help  the 
walar  vanaport  dw  aaadatona  and  gnval. 

XSKWING 

rrozcn  plocur  dcp'>alts  must  bo  thowtjd  before  pay  gravels  can 
bo  excdvotfd  and  valuiiljlc  motnla  and  minerals  released  and 
recovered.   Thawing  methods  first  began  w^lth  wood  (tna  and 
devalopad  through  hot  rocks,  staam,  water  at  natural 
tanperatnree,  and  solar  thawing. 

Heat  requlremonts  for  Ihawlnq  gravel— The  practical  miner  .loor, 
recognized  that  some  types  of  frozen  ground  could  be  thawed 
faster  thon  others.   Charles  Janln's  anolysls  [9]  shows  the 
Importance  of  lea  content  with  reference  to  energy  required  for 
thawlr.g  .  About  81  .i%  of  the  total  energy  required  to  raise  a 
typical  sample  of  frozen  gravel  (12.1*  ice  content  by  weight) 
from  20'  to  36'r  was  used  In  converting  Ice  to  water  at  32°  r. 

Besides  Ice  content,  other  factors  affecting  the  energy 
required  are  particle  size.  Insulating  qualities  of  the  thawed 
material,  and  temperatura  ol  tha  thawing  aiedia.  U  oondltloas 
ara  equal  generally,  froaan  gravaleaa  ba  dwwad  much  faatar 
than  frozen  muck. 

Wood  fires— Originally ,  wood  fires  wore  used  to  thaw  over- 
burden and  gravel  while  sinking  and  driving  prospect  shafts 
and  drifta  In  northarn  Canada  and  Alaaka  [  10]  .  Uaually  a  lira 


waa  aat  naM  to  itaa  faoa  to  ba  thawod,  and  haat  waa  dlradad 
by  gcaan  wood  or  aweklag  piataa  to  glva  nMxlnun  thaw  and 
Binlaum  aleughtag  ol  walli  and  roofa.  Tina  for  thawa 
dapandad  upoa  phyaleal  oharaetarlatlea  of  dia  ground,  but 
ofMn  firaa  wara  aat  to  bum  threugh  tha  night  and  prevlda  a 
aaactaua  diaw  of  about  20  In.  Although  thawing  wtth  wood 
flraa  waa  cnida  and  ralativaly  bwftleMnt,  it  did  atUaulaw  iha 
alnloo  of  fnaan  gold  plaoar  dapoalta. 

Hoi  rocks —.M.nera  heated  rocks  o.".  ;hi>  surfrice  and  lowered  or 
threw  then  Into  the  openl-g  to  thaw  the  surrounding  material 
when  conditions  of  excess  ice  ar.d  poor  ventilation  would  not 
allow  thawing  by  wood  fires.   The  cooled  rocks  were  hoisted 
to  the  surface  for  reheating  while  the  thawed  gravel  was  exca- 
vated. The  method  was  used  only  as  a  final  experiient  bacausa 
of  the  increased  work  iT-ivolved  ir.  heating  and  placing  tha  hot 
rocks  and  hoisting  the  cooled  rocks  to  the  surface  [lOj. 

Hot  water— Hot  walar  waa  uaad  In  aavaral  waya  for  thawing 
froaan  graval.  Ona  awthod  was  to  (orca  hot  watar  through 
oonvantlonal  staam  points  v^lch  were  drlvan  deeper  Into  the 
gravel  as  the  water  performed  its  thawing  effect.  Driving  of 
drifts  was  facilitated  by  forcing  hot  water  through  nozzles 
toward  frozen  faces  of  gravel,  causing  thawing  and  sloughing 
of  the  material  [  10] .  Hot  water  Is  used  in  pilot  points  to 
punch  holes  for  lighter  pipe  called  "steam  sweaters."  Advan- 
tages claimed  are  less  sloughing  of  roofs  and  more  rapid  thaw- 
ing rates  [11].  Hot  water  was  also  poured  Into  a  shaft  to  thaw 
the  gravel.  For  example,  one  .shaft  was  sunk  at  the  rate  of 
2  ft/day  using  three  thaws,  eacr;  thaw  requiring  13  gal  o( 
Water.   Water  is  left  in  the  hole  for  about  2  hOUTB  bafCM* 
excavating  the  thawed  material  [12], 

Staam  dia.wliin-.'Hia  wood-bumlng  boUar  diat  paoduoad  aiaaa 
fo  thawtag.  holatlng.  and  aona  powar.  waa  tha  ptlnelpal  uMt 
9f  undarground  aa  wail  aa  aurfhoa  plaoar  ateing  planta  during 
aarly  goldish  day*.  Bono  rabiara  atlU  usa  flila  prooaaa. 

Underground  [  4  ,  10]— The  first  steam  points  In  the  Klondike 
were  developed  after  miners  observed  the  rapid  rate  of  thaw  ot 
frozen  overburden  caused  by  steam  escaping  from  a  hoist 
engine.    Initially,  rifle  barrels  were  .sed  as  steani  points 
because  of  their  immediate  availability  and  sturdinass,  but  by 

1B99 ,  in  Dawson ,  more  efficlaat  potnts  WON  daalgnad  and 

became  widely  used  [10]. 

Steam  was  ocmmcnly  generated  at  boiler  pressures  varying 
from  °0  In  110  psi  and  transmitted  through  insulated  pipe  Unas 
(2  -o  4  i-  .  dia  .)  down  the  shaft  and  through  dW  OWbl  drlfta  10 
the  wording  faces  in  the  crosscuts. 

Poir.ts  spaced  2  to  4  ft  apart  and  driver,  horizontally  Into 
the  face  by  sledge  haRimers  vtvto  -.isi^ally  in  It  long  and  0.75 
to  1  ir. .  in  dirt.   At  some  mines  pilot  points  wore  used  to  pOM' 
tratu  the  pi.'rmofrost  and  then  were  replaced  with  0.2S  to 
0.375  in.  sweaters.   Steam  pressure  for  driving  was  usually 
about  80  psi,  while  steam  pressure  for  sweating  was  often 
about  40  psi.   Time  rcqjired  for  steaming  varied  with  ground 
and  plant  conditions,  but  many  oparaiors  staamad  for  9  to 
1 2  hours  and  then  aliowod  Bora  ttwwtng  to  ooour  by  soaUng 
for  another  12  hours. 

Surface — Steam  was  used  to  thaw  surface  deposits  for  ±'edging 
in  Alaska  and  the  Yukon  Territory,  but  this  method  has  been 
replaced  by  the  cheaper  cold  water  thawing  technique.  Points 
as  long  as  40  ft  were  used  for  deep  surface  thawing  and  were 
arranged  in  batteries  of  ISO  points  and  supplied  witii  steam 
from  boil.'rs  rated  as  high  as  150  hp  [S]  . 

Current  practice  for  early  spring  dredging  often  requires 
shallow  steam  thawing  of  seasonal  frost  for  several  weeka. 
Points  and  sweaters  used  in  units  of  30  to  60  points  are 
7  to  10  ft  In  length  and  are  spaced  in  equilateral  triangles 
about  7  ft  on  a  side .  Steaming  ter  8  to  12  howt  It  usually 
required ,  with  steam  balng  fuTOlahad  Croa  ahora  or  dradga 
bollara  of  40  to  90  hp. 
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Cold  water  thawing  [3.  8J— About  191S.  experiments  consist- 
ing of  thawing  frozen  gravel  with  water  at  natural  temperatures 
wurc  begun  In  (he  Yukon  Territory  and  Alaska.  The  results  of 
those  experiments  indicated  that  two  methods,  the  Miles  and 
Pearce,  offered  excellent  possibilities  for  thawing  frozen 
gravel  at  relatively  low  cost  because  artificial  heat  is  not 
supplied  to  the  ground.  Of  these  two,  the  Miles  method  has 
become  standard  with  dredging  companies. 

Miles  method— Essentially ,  this  method  circulates  water 
through  a  network  of  pipes  and  points  that  penetrate  the  frozen 
gravel  (Tig.  3) .  Water  enters  the  ground  at  about  SO°r  and 
returns  to  the  surface  at  about  35°  to  38°r;  It  Is  warmed  by  the 
atmosphere  before  being  returned  to  the  points. 

In  a  typical  operation  a  centrifugal  pump  is  used  to  circu- 
late water,  although  water  is  obtained  under  pressure  from  a 
ditch  system  occasionally  so  that  a  return  circulatory  system 
is  not  required.  Cach  point  uses  about  5.S  gal/roln  of  water 
at  a  pressure  of  20  to  40  psl. 

The  points  are  usually  of  extra  heavy  wrought  iron  pipe 
10  ft  long,  0.7S  In.  ID,  with  a  chisel  bit  and  a  water  outlet 
on  each  face  of  the  bit.  Additional  S  or  10  ft  sections  arc 
coupled  to  give  the  desired  depth,  which  can  be  60  ft.  Points 
are  arranged  In  16  ft  equilateral  triangles  and  are  usually  hand 
driven.  A  clamp  is  fastened  to  the  pipe  and  a  24  lb  hammer 
slides  up  and  down  around  the  pipe,  striking  a  blow  to  the 
clamp.  Water  flows  through  the  point  during  driving  and  each 
point  is  driven  periodically  through  the  thawed  material  and 
not  forced  against  permafrost.  Driving  rates  may  average 
10  ft/manhour . 

Point-drlvlng  machines  that  use  a  O.S  hp  electric  motor  lo 
raise  a  weight  by  a  cam  have  boon  succossfully  used  (USSR  & 
M.  Co.,  Fairbanks,  Alaska)  in  mining  operations.  This  method 
requires  stronger  pipe  couplings  and  points  because  the  bit  Is 
always  working  against  frozen  material. 

When  thawing  begins,  water  Is  returned  to  the  surface  adja- 
cent to  the  point.  As  thawing  progresses,  the  thawed  gravel 
tends  to  pack  around  the  pipe,  causing  a  "free"  zone  to  form 
at  the  contact  of  frozen  and  thawed  ground.  Water  flowing  in 
(his  zone  is  in  direct  contact  with  the  frozen  face  and  hence 
increases  thawing  rate.  The  water  cycle  is  maintained  until 
the  thawed  ground  from  one  point  reachos  (ho  area  of  influence 
of  other  points . 

Complete  thawing  Is  determined  by  checking  the  centers  of 
certain  triangles.  This  Is  done  by  probing  with  a  0.7S  in. 
steel  bar,  or  by  using  temperature  pipes  and  thermocouples.  A 
rule  for  estimating  gravel  thaw  time  in  the  Fairbanks  area  is 
that  each  foot  of  depth  requires  about  1 .25  to  1.5  days  [Bj. 

When  thaw  is  complete,  the  points  are  removed, 
straightened,  sharpened,  and  redrlven  In  other  areas. 

Gravel  has  been  successfully  thawed  in  the  Fairbanks  area 
to  depths  of  1 10  ft  bv  drilling  holes  with  chum  drills  to  b«d- 


Flg.  3.  Cold  water  thawing  of  frozen  material  by  circulating 
water  at  normal  summer  temperature  (dredge  in  background) 
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rock  during  the  winter  [8].  Pipes  1.5  In.  in  dia.  are  placed 
In  the  holes  which  are  In  a  pattern  of  equilateral  triangles  from 
25  to  32  ft  on  a  side.   During  the  summer  months,  water  is 
pumped  into  the  point,  and  thawing  occurs.  Often,  three 
seasons  of  pumping  are  required  to  adequately  thaw  the  frozen 
ground. 

Pearce  method— This  method  has  had  limited  use,  although 
Initial  experiments  were  favorable.  A  shaft  Is  sunk  into  bed- 
rock near  the  downstream  side  of  a  deposit  at  the  lowest  ele- 
vation. Water  Is  spread  over  the  surface  and  tends  to  flow  on 
the  frozen-thawed  contact  and  to  collect  In  the  shaft.  A  few 
points  driven  to  shallow  depths  aro  somotlncs  used  to  add 
water  to  the  ground,  especially  at  the  extremities  of  the  area 
to  be  thawed.  Water  (hat  collects  in  the  shaft  is  pumped  to 
the  limits  of  the  area  to  be  thawed,  from  whence  It  again  runs 
toward  the  collection  point. 

Solar  (hawing— Solar  thawing  has  been  effecdvely  used  by  bo(h 
dredge  and  small-scale  operators  In  Alaska  [13].  Essentially, 
the  method  requires  the  removal  of  all  muck  overburden  to 
expose  frozen  gravel  to  the  atmosphere  for  one  or  several  sea- 
sons. Gravels  to  depths  of  20  ft  have  been  thawed  success- 
fully for  dredging,  but  layers  of  clay  on  the  surface  of  the 
gravel  may  inhibit  thawing. 

Solar  (hawing  Is  usod  oxclusivoly  in  small-scale  operation*. 
Overburden  Is  removed  and  pay  gravel  is  pushed  into  sluice 
boxes  as  it  (haws. 

Thawing  tcchnlwos— Charles  Jantn  [9]  presents  graveMhswlng 
experiments  conducted  by  J.  H.  Miles  and  described  by  W.  S. 
Weeks.   Miles  compared  efficiency  of  thawing  frozen  gravel 
by  superheated  steam,  saturated  steam,  warm  water,  and  cold 
water.  Four  holes  were  drilled  to  depths  of  about  40  ft,  and 
then  the  respective  thawing  media  wore  Introduced  at  the 
bottom  of  each  hole  by  conventional  methods.  Upon  comple- 
tion of  thawing,  shafts  were  sunk  on  each  drill  hole  and  (he 
thawed  material  was  excavated  and  measured.   Results  showed 
that  of  the  total  heat  applied  In  each  experiment,  the  following 
percentage  of  useful  thawing  was  accomplished:  Superheated 
steam  4%,  saturated  steam  6%,  hot  water  12%,  and  cold 
water  57*. 

Cold  water  thawirtg  has  proven  to  be  the  most  economical 
method  for  large-scale  thawing  of  frozen  gravel  in  Alaska. 

UNDERGROUND  HYDRAUUCKtNG 

An  excellent  experiment  by  USSR  &  M.  Co.  In  mining  a  frozen 
placer  deposit  was  conducted  near  Fairbanks  by  underground 
hydrautlcklng  In  1936  and  1937  [14]. 

The  mine  was  developed  In  a  conventional  manner,  and 
Stopes  were  mined  using  water  under  an  average  pressure  of 
40  psl  to  thaw  and  carry  the  pay  gravel  through  the  sluice  box. 
Coarso  tailings  wore  hoisted  to  (he  surface,  and  fine  tailings 
were  pumped  out  of  the  mine.  Water  was  recirculated  under- 
ground.  The  results  of  the  experiment  Indicated: 

(a)  Water  could  be  used  to  thaw,  mine,  and  transport  the 
material  In  one  step,  and  considerable  steam  thawing  could 
be  eliminated. 

(b)  Water  temperatures  could  be  controlled  so  that  water  at 
43°  to  45°r  would  break  the  frozen  material  from  the  face,  and 
water  at  3S°  to  37°r  would  transport  the  material  and  at  (he 
same  time  add  wall  support  by  decreasing  roof  slough. 

(c)  Stopes  opened  for  an  excessive  period  of  time  may  have 
roof  caving  because  of  zones  of  weakness  In  the  gravel  from 
thin  layers  of  muck  and  sand  and  a  minimum  of  Ice.  local 
subsidence  began  when  an  area  of  5000  to  6000  sq  ft  was 
opened . 

FUTURE  RESEARCH 

Methods  must  be  found  that  allow  more  volume  to  b«  moved  at 
lower  cost  if  placer  mining  operations  are  to  be  expanded  in 
scope  and  number.   Research  is  essential  and  should  be 
directed  toward  both  underground  and  surface  methods  of  exca- 
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PILE  FOUNDATIONS  IN  PERMAFROST 


FREDERICK  E.  CROUX,  U  .S .  Army  Cold  Reglona  RaaaarGli  and  Znglnaerlng  LaiMratory 


Foundation  design  in  permafrost  areas  must  differ  In  many 
Important  respects  from  foundation  design  In  temperate  climate 
because  (oundotiyrci  in  Ihcii;  n-yinns,  whi'n  cunsU jcicd  ;m 
frost-susceptible  soils,  are  subiec;  :o  considerable  heavmq 
and  subsiJenct?  cajsed  by  the  freezing  and  thawing  ot  the 
underlying  .sc;!.    (.Jl  ttie  cor.skieratlons  essentlsl  to  the  design 
of  building  iijjndrttions  In  perin.i fro arit.is.  nirttiy  an?  nfjph- 
cable  to  all  Eoundallon  typos;  out  pjrticul.ir  cmphd-ils  ts  given 
to  the  development  of  dosiqr.  criteria  for  pile  foundations. 
Results  of  field  tests  and  observations  from  which  the  design 
erUatts  wom  derlvod  an  tarMly  pnaentod,  wtaara  appraprtala. 

POUNIMTIOM  REOVnEMSMTS 

Two  tr.aior  ccnalderatlons  In  the  design  of  foundatisns  in  per- 
mafrcsi  are:   (a)  MSniinlztng  disturbances  In  the  thermal 
regime,  and  (bl  (-rcvlding  for  the  heave  and  subsidence  from 
the  freeze  and  tiijw  cycles  of  the  active  layer  and  any  degen- 
erate 'Jiawmg  ^f  the  j.-L-rmalrost .    The  disturbance  of  the  normal 
thermal  regime  t-ent-ath  and  adjacent  to  a  foLindatlcn  on  frozen 
soli  def.end-s  v.ri  d]Sturlja:v,:MS  lo  tht;  surlact;  L:over,  construi:- 

tion  methods,  drdindge,  exposure,  heat  loss  Irom  the  structure, 
and  many  oOor  fiotwa  poouUar  to  oaeh  leeatloa  aad  feuadatlan 

design. 

Those  factors  [1,  2]  .src  respor.slblc  for  the  Immodlato  and 
lor>g-<erm  cff«»ct3  of  the  structure  on  the  permafrost.  Changes 
In  the  thermal  regime  produce  corresponding  changes  In  the 
strength  properties  of  the  soils  supporting  the  structure. 
Unfortunately,  uniform  settlement  of  the  strut-tun;  Is  rare 
bu'cmsi!  o'.  vrtrliit'.nns  In  the  soil  and  Ice  conditions  and  dlf- 
forcntlj':  thawing  rosjltmg  from  surflclal  factors,  Dlfforontlal 
settloments  associated  with  nonuniform  thawing  and  heaving 
are  the  major  cause  of  damage  tO  plant  aqulpgunt  and  struc- 
tures In  permafrost  areas . 

Ttanafar  of  building  heat  can  be  reduced  effectively  by  an 
air  apaoa  batwoan  floor  and  ground  surface  through  which  out- 
alda  air  clrculaloa  olMiar  naturally  or  artificially .  Buildings 
with  an  air  space  atay  be  supported  by  posts  founded  on 
fbotliigs  or  pads,  ventilated  rafts  or  mats,  or  piling.  Gravel 
or  other  nonfrost'suscepuble  fill  may  be  used  beneath  and 
around  tita  footing  cr  raft  to  mainum  titemal  balanoe  of  iba 
underlying  parnafroai  and  to  reduce  thawing  of  underlying 
&oat-auacaptlbla  aolls.  Under  oartabi  conditions,  a  gravel 
nil,  with  an  air  apace,  can  limit  the  seaaonal  thawing  and 
Iraaslng  to  iia  own  thickness,  thereby  ralalng  tho  ponaatoat 
tabia  and  allmtnatlng  froet-beave  dlaplacamanta. 


Ventilated  pile  foundations  have  been  demonstrated  to  ba  an 

effective  foundation  type  in  potentially  troublesoine  perma- 
frost, particularly  In  fine-textured  soils  that  frequently  contain 
large  amounts  of  Ice,  Such  soils,  in  contrast  to  clean  sands 

-ind  gjiivelii,  usually  havtj  very  large  void  volume  changes  and 
l:;tlo  'vT  no  strength  ujxjn  thawing.   However,  a  pile  foundation 
adequately  embedded  In  uncierlying  permafrost  Is  a  stable  sup- 
port and  Is  unaffected  by  vortical  displacom«snts  <is£.oclated 
with  Che  freezing  and  thawing  of  an  unstable  active  layer. 

The  suK-ortmg  capacity  of  piles  in  p-ormafrost  is  attained 
by  t)ie  adf.-eeze  bond  developed  between  the  soil  and  the  pIlS 
surfoGO.    iiijwcver,  the  adhesion  and  corresponding  load 
capacity  of  pllus  '.n  (icrmattost  Is  temperatLire-<J-:-,^-i-rid-;T,t , 
unlike  foundation  piios  ir.  urlrozen  gryund.   Altn.:.ugn  t-jles  in 
frozen  soli  can  be  end-boaring,  on  bodrock  or  conajlidated 
sands  or  gravel,  evidence  to  date  indicates  such  support  is 
negligible  In  flnalawtutod  fronon  aoils  having  «  blgii  loe 

content . 

Construction  examples  that  effectively  use  principles  of 
p-ermalro3t  prf^s^rvatlon  are  the  230  by  260  ft  ventilated  pile 
foundations  for  the  CoTjposlte  Buildings  at  Bethel  and  Kotzebue, 
Alaska.   These  structures  wi;re  bull:  by  the  U.S.  Army  Engineer 
District,  Alaska,  m  1955-1456  and  .ire  each  founded  on  more 
•Jian  9CQ  timPer  piles;  Bethel  In  relatively  warm,  '}n'T ,  sllty 
sand  and  Kotzeboe  in  cold,  2S°F,  silt  with  largo  ice  m.isses. 
The  design,  construction,  and  perfornumce  of  these  structures 
an  givan  rafaraneea  [3-7] . 

DnTAUAHON  kffilKODS 

pile  foundations  h.ive  b<-en  used  for  more  than  half  a  century 
In  tho  Arctic,  but  the  evolution  of  Installation  methods  to  min- 
imize permafrost  disturbance  ts  recent.   Most  of  the  earlier 
plies  were  local  timber.  Installed  In  steam-  or  water-thawed 
holes.  The  normal  depth  of  embedment,  however,  rarely 
exceeded  20  ft.  Equipment  used  to  thaw  tho  holes  consisted 
ol  3/4  to  1  In.  pipe,  fitted  with  various  nozzles.  Generally, 
piles  were  merely  pushed  or  lightly  driven  Into  place.   In  some 
cases,  restraint  was  required  to  prevent  the  flotation  ol  tho 
piles  In  the  mud-like  soil  until  freezeback  tiegan.  Spacing  of 
plies  In  many  oarly  structures  appears  to  have  been  dictated 
by  unit  pile  load  structural  ratpilreiaenta  ol  the  building  rattier 
than  by  abiUty  of  pacaialioet  to  abiorb  tho  hoai  evolvod  In  tba 
Installation. 

Installation  of  plies  l>y  steam  thawing  is  seldom  used  today 
in  Alaahan  building  one^  by  tho  Alaska  Railroad  Le]  and  at 
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some  remote  areas,  although  it  ia  widely  used  in  many  parts  of 
Canada  [1],  Te»t  pile*  installed  wi:h  sieam  at  the  Alasica 
Field  Station  at  Fairbanks  have  yielded  sulflclont  data  to 
assess  these  former  construction  practices.   Today,  soil 
explDra'.lon  and  ground  temperature  observations  provide  data 
ncci'sadry  to  fva Ij.ito  tiiillding  dtviign  ar.d  ficrformrince  for  rr^te 
of  iroczcbjck  .jr.d  lonq-terrr.  changes  Ir.  thermal  regime.  Such 
Investigations  and  oasc-rvatlons  were  unheard  of  20  years  ago. 

t'rcsent-tlay  pile  ln5tolltit::3n  technlcjiics  In  Al.=5Ska  utlllzf! 
the  most  xodem  drilling  cq'Jipment  and  efleci  ,vc  ly  .;,;ntrol  per- 
mafrost disturbance.   Installation  methods  are  determined  by 
the  tyf*  .  temperature,  and  Ice  content  of  soils  and  the  embed- 
ment depth  necessary  for  each  pile  type.  Installation  methods 
,:nri  bo  ivU- i.  match  tfw foundsUon nqHlranwBtB «iid 

the  soil  conditions  .iro; 

1.  Stearr.  thawing— pre -thawing  a  hole  In  permafrost,  either 
larger  or  smaller  than  the  pile,  and  "driving"  the  pile  !n 
place  :  1  ,  8  ,  9  ]  . 

2.  Bored  hole— rotary  drilled  holes,  lorined  by  various  bits, 
barrels,  etc.,  using  air  or  water,  and  "driving"  plies  In  undar- 
Slzed  holes  or  "slurring"  back  In  oversized  holes  [9,  10]  , 

3.  Dry  augering— similar  to  above:  but  holes,  either  under- 
sized or  ovwMKsd.  an  forinad  usutg  augara  with  tpadal  blta 
capable  of  bolas  to  4  ft  dia.  to  doptha  In  axooaa  of  75  ft  P,  4, 
5,  9.  111. 

4.  Driving— conventional  or  mod  if  lad  tanparata  tone  pile- 
tklvtng  tachniqdat  (tnchidina  tt«  uaa  of  vibratory  haanar ■) 
wUtaout  hoto  praporatlon  [9.  12,  13]. 

5.  Vartowa  oonUaatlOM  and  andlfteatloaa  of  Hi*  atio»o 
lor  oowaipla,  ataaaring  pilot  holoa  and  driving  or  drivtng  pUaa 
In  dnp*augarad  holaa  pravleuaiy  HIM  wMi  aalaetod  aoU- 

Sadh  Bothod  haa  apaelal  aarlt  In  falauon  to  pamallpoat 
oondltfona,  unit  ooati ,  and  tba  ttlilmato  or  aaatalnad  adbaan* 
bood  aBongtha .  Bvakiatton  ol  oach  awttiod  aheuld  oooaMir 
tho  anomt  of  Imat  (both  aanalblo  and  laianQ  that  miat  ba 
abmbod  frooi  itaa  sbny  or  ataauMd  taola  and  Ita  ralatlon  to 
plla  apaeing.  Whan  uaing  staam  or  tluny  In  nlativoly  warm 
permafrost.  It  may  be  neceaaary  to  uae  actUlelkl  re&lgaratlon 
for  freezeback  by  circulating  suitable  flulda  or  goaoa  through 
pipos  or  tubing  attached  to  the  piles. 

Normally,  positive  artificial  freezeback  can  be  achieved  in 
less  than  two  days  by  careful  control  of  the  slurry  temperature 
and  Wnii  r  r:.rriuii,  .ir  :l  tl.-ne  permitted  between  augering,  slurry 
placement,  and  start  ol  rofrlgeration .   With  conventional  driv- 
ing, construction  can  be  continuous  because  of  the  negligible 
amount  of  heat  evolved.   Under  L:ertatn  soli  and  temperature 
conditions,  open-ended  pipe  and  H-soctlons  can  be  readily 
driven  In  permafrost,  even  to  depths  of  SO  ft  [9,  12], 

PILE  TESTS 

The  need  far  a  comprehensive  study  in  foundation  design  and 
construction  In  permafrost  became  clear  during  World  War  II 
when  unsuitablllty  of  temperate -zone  techniques  were  demon- 
strated.  Systematic  studies  cf  piles  in  permafrost  were  Initi- 
ated Just  after  the  war,  at  the  Alaska  Field  Station,  Fairbanks, 
using  limber  piles  In  steam-thawed  holes.  However,  this 
early  study  produced  little  conclusive  data,  because  most  test 
pilot  failed  tQucturally  during  extraction,  and  little  informa- 
tion existed  as  to  the  ground  temperatures  during  the  test 
periods  C  l^^]  • 

The  first  comprehensive  Investlgattoa  of  piles  In  frozen 
ground  was  Initiated  by  the  Corps  of  Bnglnaers  at  the  Alaska 
Field  Station  In  1952.  Four  pile  typoa  were  used:  Timber, 
steel  pipe,  ralalteeed  concrete,  and  tiructural  steal  saetlons. 
Although  about  ooa-foivth  of  the  test  pllaa  tmra  first  Installed 
wlA  ataam»  noat  ««•  Inatalled  in  waah-berad  bolas.  This 
una  tho  first  attanpt  to  oontiol  bod)  the  amount  of  heat  Intro- 
duoed  by  tha  Installation  method  and  the  type  and  condition  of 
ttw  sell  Imwdlaialy  suiroundlng  th*  plln.  Waah  boring  waa 
I  by  tha  uaa  of  a  apoelal  oora  baiivl  oparMad  %rith  a  dr- 
■tar  systaa  oa  a  oonwanttanal  rolazy  *111  [9] .  bi 
tiiia  SMdwd.  holas  of  ptasalaetad  dlaaatars  wan  advanoad  to 
ba  daatrsd  dopdi  and  Iban  ballad  dnr> 

Iha  last  pllaa  ifan  pealtleoad  In  dia  bolas  and  a  tetlHwatar 


mbcture  or  slurry,  was  placed  in  the  annuhis  between  the  plla 

and  the  preformed  hole.  Thermocouple  assemblies  attached  GO 
•Jie  outer  Surface  of  the  piles  were  used  to  measure  ground 
ten^rcr.' t  ^r'-  d  .rinr]  iri'ozeback,  testing  [Xsrlods ,  and  at  various 
ti.T.es  througnojt  trie  following  years  in  each  of  two  Identical 
lest  areas.  Sixty-fr.ur  piles  were  installed  and  the  results 
obtained  have  b«cn  prosonled  t.-.  Interim  reports  [15,  16]  . 

Although  considerable  Information  was  accumulated  from 
these  two  test  areas,  many  aspects  of  the  performance  of  piles 
In  froien  ground  still  remained  cb.scure.   A  large  number  of 
test  piles  failed  structurally  at  the  hnher  extraction  loads 
rather  than  by  a  progressive  soil-pi-r-  Dund  failure.  Similarly, 
Insufficient  dAlii  were  derived  for  uotielatlon  with  sustained 
loads  since  most  of  the  extraction  tests  wore  conducted  rela- 
tively fast  (many  of  the  tests  were  completed  in  less  than  a 
day)  .   The  need  for  further  pile  tests  was  appsnot  long  bsfOfW 
the  completion  cf  tests  In  these  sites. 

Wore  elaborate  studies  of  installation  techniques,  freeze- 
back,  frost  heave,  and  pile  capacity  were  Initiated  in  1957 
with  Installation  of  Pile  Site  C  at  the  Alaska  Field  Statloo  (113> 
Potentialities  of  natural  freeseback  were  systematically 
explored  by  utilizing  the  maxlmua  cold  penetration  in  perma- 
frost during  erarly  spring.  Thnmocoupla  assemblies  attached 
to  pllas  were  observed  dally  for  a  nunth  or  siore  alter  instal- 
lation to  provide  tha  naoaasary  data  on  the  rata  of  freezeback 
for  various  hole  sins*  shifry  types,  and  plla  shapes.  All  of 
tha  97  pllaa  In  dila  sits  wan  Inatallad  Ui  dry-augacad  holes 
and  boekfUM  wifli  aitt-  or  elay-watar  alwrlea,  waiar  (lea) , 
or  dry  aand.  Hole  diaaalara  wm  at  toast  2  la.  9«Mor  than 
dM  fdto  alia  to  permit  Ow  uaa  of  a  eonoata  vltealary  tot 
abmy  ptoeamaat.  As  la  pUa  aitaa  A  and  B,  (ba  spacing 
between  gitoa  was  20  ft  le  ailnlilna  tha  imatfaranee  of  naarby 
pltea  during  treetebaflk. 

Iha  davalopmaat  of  design  oltarla  far  piles  In  panaafitast 
bagan  with  tests  to  either  Isolate  or  eoRataie  Oa  i 
offeetlng  load  capacity.  Tbaoe  teetera  ww 
method,  aell  type,  pUa  type,  length  and  ahapa,  polni  bearing, 
pacanfioat  tan^Muatufa,  and  aftoeta  of  rata  of  toad  application . 

Iba  faetora  waia  ccMisldered  in  the  following  manner:  First, 
tha  various  plla  types  and  sises— ereosoted  timber  (elOiar  butt 
or  tip  down) ,  6  and  6  In.  pipe.  6  and  10  in.  H -sections —%rafa 
divided  Intogroupsand  Installed  in  dry-augared  holes  using  vai^ 
ious  backfill  materials.  Before  the  control  groups  were  tested, 
another  group  of  piles  Inatalled  In  exactly  the  same  way  was 
subiected  to  failure  loads  at  dlffen  r::  r.'.tes  of  load  application. 
This  series  of  tests  was  necessary  to  establish  a  proper  rate 
c;  Icjrfim  that  wojld  provide  data  cirectly  applicable  for 
design  a.id  which  could  be  staiidai dized  for  use  In  pile  tests 
at  other  sites  in  support  of  construction. 

To  Isolate  the  effect  of  loading,  tha  12  piles  were  subjected 
to  10  kip  load  Increments  at  Intervals  of  Ci.l,  2.S,  24, 
72  hours,  and  7.6  klpi/week  to  failure.   Hall  of  tho  group  wai 
tested  at  an  average  permafrost  temperature  of  3C.5'r,  the 
other  half  at  25.1'^F.   These  tests  formed  the  basis  of  the 
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rig.  2.  Pll«  load  tests  1ji  Site  C,  Fairbanks,  Alaska 


I 


family  of  temperature  curves  which  define  the  relationship  of 
rate  of  loading  with  ultimate  adfre«zc  bond.  To  establish  that 
at  each  temperature  there  was  a  distinct  sustained  adfroozc 
strength,  unaffected  by  rate  of  loading,  further  tests  were  con- 
ducted at  rates  of  5  klpa/4  days  and  over  sustained  periods  of 
three  weeks,  three  months,  and  two  years;  three  piles  have 
been  under  sustained  loads  (cr  (our  years. 

Based  on  the  results  of  those  preliniinary  tests,  load  settle- 
ment tests  in  each  of  the  four  backfill  groups  were  Initiated  at 
a  rate  of  load  application  of  10  kips/day.  This  standardized 
rate  of  testing  was  bolievod  slow  enough  (or  proper  analysis 
of  load  sottlcmont  test  data  to  determine  both  the  ultimate  and 
sustained  adfreeze  bond  strengths. 

Load  tests  were  performed  using  a  hydraulic  jack  bearing 
against  a  platform  loaded  with  concrete  blocks.  Two  platforms 
were  used  simultaneously,  one  of  which  is  shown  In  Tig.  2. 
Settlements  were  observed  by  the  use  of  deflection  gages, 
accurate  to  0.001  in. ,  supported  by  a  frame  on  pipes  driven 
well  into  the  permafrost  and  cased  against  possible  frost- 
heave  or  other  surficlal  disturbances. 

Ambient  air  temperatures  and  deflections  were  observed  at 


frequent  Intervals,  and  often  around  the  clock,  to  record  all 
conditions  alfoctlng  the  tost  and  to  permit  evaluation  of  gross 
settlement  and  time  settlement  under  each  load  Increment. 
Typical  load-settlement  plots  of  a  comparative  group  of  6  In. 
pipe  piles  installed  with  silt -water  slurry  arc  shown  in  Fig.  3. 
Note  the  characteristic  excessive  settlement,  or  plunging,  at 
loads  exceeding  the  yield  point. 

To  evaluate  point  bearing,  two  8  in.  open-ended  pipe  piles, 
C44  and  CSS,  with  embedded  lengths  of  18  and  22  ft  were 
Installed  in  silt-water  backfilled  holes.  Both  piles  were 
•quipped  with  basketballs  at  the  bottom  (Fig.  4).  The  basket- 
balls, broken  just  prior  to  loading,  effectively  provided  the 
desired  void  so  difficult  to  form  when  using  open-ended  pipes 
In  slurried  hok-s.  The  two  piles  were  loaded  to  failure  at  the 
lOAips/day  rate  of  loading,  and  results  were  compared  to 
those  from  two  adjacent  piles,  C60  and  C61,  which  were  loen- 
tical  in  every  respect,  except  for  O.S  in.  plates  welded  to  tho 
bottom  of  the  pile . 

These  'mates'  were  Installed  by  thr>  same  method,  to  the 
same  depth  and,  most  importantly,  were  tested  at  essentially 
tho  same  ground  temperatures  as  the  basketball  piles.  There 
is  no  significant  difference  in  the  performance  of  the  piles 
with  plates  and  those  with  basketballs  (rig.  3).  Tho  low  point- 
bearing  capacity  is  caused  by  the  difference  between  the  rela- 
tive strains  of  tho  adfrozen  soil  along  the  pile  length  and  of 
the  soil  beneath  the  plate:  this  is  in  agreement  with  the  very 
large  plastic  strains  observed  at  loads  of  less  than  4  kips  on 
plates  of  6  In .  dla .  on  frozen  silt  111]  . 

Slow  rebound  measurements  after  complete  failure  (gross 
settlement  in  excess  of  l.S  In.)  disclose  that  point  bearing 
and  normal  friction  (not  adfreeze)  along  the  pile  length  have 
a  combined  capacity  of  less  than  half  the  previous  ultimate 
capacity  in  adhesion.  This  same  effect  was  seen  during  tho 
load  settlement  tests  performed  on  piles  which  previously 
failed  as  a  result  of  frost -heaving .  These  tests,  some  of 
which  were  performed  months  after  the  piles  had  heaved,  indi- 
cate that  the  adfreeze  bond  docs  not  readily  mend,  perhaps  not 
completely  until  the  pile  has  boon  thawed  and  refrozen.  This 
loss  of  maximum  strength  from  frost-heave  may  be  of  particular 
significance  during  the  first  winter,  when  permafrost  tcmpera- 
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tures  have  been  disturbed  by  the  ir>stallatlon. 

The  effect  of  different  permatrott  Uapwratures  was  found  by 
ptirfonnln9  load  tests  In  each  grmip  during  a  pnaalactad  period 
to  achlava  a  certain  average  tM^Matum.  At  wiout  tine*  o( 
tfaa  year.  alyniUcMnUy  different  temperatnrea  axlst  at  aach 
depth  [2].  TIm  fkietustlon  of  rtear  surface  temperatures,  as 
well     the  temperstuna  at  depth  would,  of  eourae,  be  dlf* 
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Fig.  S.  Ad  freeze  stranqth  versus  temperature  for 
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ferent  at  other  sites .  The  support  (oonlrlbutad  by  extremely 
cold  soil  near  the  surface  and  frost  Ihniat  during  tlw  mrlnted 
was  eliminated  by  casing  seleelad  piles  ten  tha  ground 
surface  to  depths  of  about  6  ft. 

To  aseartaln  bow  the  ptla  load  wet  irantfanod  to  tbo  •oil. 
I  B-aaeitona  wan  InatnimaaMd  wllh  SR4  attain  gagas 
for  axiraetlon  ibid  load  aattlonanttoata  [1$.  19].  Anolystaaf 

t  lest  t  M]  waa  baiad  en  0m  petntttal 
•dftaaia  atrangli  at  tha  tanpafaturas  taeocdad  by  thanaooou- 
plas  during  the  taat.  A  aMtfaod  was  davlaad  lo  caJculata 
ttltiiiata  eapadly  of  dia  pUa  by  a  aunBalloa  praoasa  uaing  di» 
laaparatura  dapandant  adfMasa  aMogtti  along  tha  plla  tangih. 
Elastic  dof  toctloB  of  pile  and  soil  were  sapsralod  torn  gross 
aattlaawnt  to  darlva  plaatto  ylalduig  of  Itaa  fraian  soil.  Ibis 
analysis  lad  to  tha  anptrieal  davalopflMni  for  aadi  plla  and 
sluiry  type  of  curves  giving  sustained,  and  ultimate,  adfreeze 
bond  strengths  versus  temperature.  The  standard,  or  reference 
curves  (Fig.  S)  were  based  on  6  In.  pipe  piles  in  sUt-water 
slurry.  Similar  curves  for  clay,  dry  and  saturated  sand,  loe, 
and  for  various  pile  Shapes  and  natfMda  of  Installation  wara 
also  developed. 

Iri  general,  the  effects  of  backfill  types  may  be  summarlxad 
a.-i  follows:  CUy-waler  slurries,  which  are  difficult  to  mix 
rir.d  pl.'.cc,  li.i'/e  adfreeze  strengths        dchiny  '.hai  :>(  :ce, 
iir.d  h  ivc  tin  ultimate  strength  of  approxnTutcly  hall  Lhot  of 
silt.  The  behavior  of  frozen  dry  sand  bockflU  is  like  that  of 
thawed  sand  and  13  apparently  related  to  Us  in -place  density. 

In  contrast,  n-[:<-nt  tests  at  ihe  low- temperature  pile  testat 
Kotzebue  disclose  tnal  Sdturdiud  well-gioJo:!  Sfind  slurry, 
vlkvated  In  place,  has  an  adfreeze  strength  at  least  50%  higher 
than  Its  silt  counterp-^rt  at  'Jie  sa.T,e  tempertiture  .    Thf  con- 
trjstir.rj  effects  of  v-iriouj  3.ind  types,  i.ist.ill.ritl'jn  mi-thods, 
and  pern'.afrosi  temp«Tatuiea  are  Illustrated  in  Fig,  6.   i'Ue  flR2 
I'j  an  iiBPit  L^ection,  conven", lon.illy  driven  with  a  dlcsoi  ham- 
mer, at  Bethel,  Alaska.    Piles  K2  and  C65  were  installed  in 
augureii  holes  H  m.  ;n  Jia  .  at  Kotzebue  and  Fairbanks, 
respectively,  using  saturated-  and  dry- sand  backillls. 

PILE  HEAVE 

In  addition  to  the  study  of  parfcnnance  of  different  pile  types 
with  Inciaaslng  depths  of  enbednent  in  pamairost  to  resist 
plla  baava,  auppienantary  Mats  bawa  also  been  conducted 
sinoa  19S6  to  actually  measura  tha  frost  thrust  imposed  on 
pllas,  posts,  or  plars  In  frosb«useaptlhla  Fairbanks  sUt. 
fliiflrt  ptla  langths  wars  installed  througb  the  active  layer  to 
lha  top  e(  pamaf^t.  and  lha  foroa  ganaratod  on  tba  pUa 
dnrlag  lha  wlntar  was  obsarvad  with  a  proving  ring.  Tha  tecs 
d  Irest-haava  en  both  8  in.  pipes  and  oiaeaoted  tiaber  pUas 
and  lha  dlatrlbutlan  a<  ftest^iaava  attaaaaa  aloBg  aiandard 
t-baaas  have  baan  taoardad.  Raoant  obaarvanons  at  Fair- 
banks, using  tlia  davlea  shown  In  Fig.  7,  Indlaato  ibat  imdar 
sttslatiiad  eeld  periods  la  Iba  ear^  wtnlar  a  force  of  SO.OOO  lb 
ean  be  laipeaad  on  8  bt.  pipe  pllaa  when  the  litost  baa  attebwd 
a  depth  of  less  than  4.0  ft.  SiBllar  obaarvatloaa  on  ca«etoia# 
tiaibar  pllas  show  aignlfloantly  laaa  Ihniat  (U,IMD  lb  itax}. 

lha  machantcs  of  the  supporting  capacity  of  piles  tn  psraa- 
Irost  during  sunuaar  and  wtaitar  la  lUuetratod  la  Fig.  8.  Dunag 
spring  and  early  suiaawr  <ilgtal  of  Fig.  •>  piles  bava  greatest 
potential  sttangth  in  adhesion  owing  to  die  ooldor  paraufiost 
during  this  period .  When  the  active  layer  is  tn  the  process  of 
freezing  (left  of  Fig,  8),  the  extreme  temperatures  near  the 
ground  surface  causa  nujch  higher  adfroezo  strengths.  DurinQ 
this  period  of  frost-heaving,  ground  temperatures  along  the 
pile  length  In  fior.Tjafrost  rira  at  tlielj  warmest  ar.d.Lhe  L:r.rre- 
spondinq  adfreeze  strcrr.:jtna  i".  their  weakeist.    Unless  i.i'.t  it 
adequately  urr.bodded      ti-j.j  permalrost  and  capable  z'.  mobi- 
lizing sufficient  adhesion.  Die  pile  will  heave  when  Uie  upvfanl 
force  of  frost  thrust  exceeds  the  weight  of  the  pile,  the  load 
on  the  pile,  the  negative  skin  friction  in  the  thawed  zone,  anif 
the  adhesion  In  the  petm;i:i  st.   Simple  equations  for  stability 
during  the  summer  'ind  o  irly  winier.  using  Ihe  adfreeze 
strengths  tri'm  Fli";.  S  ,  ^an  bt  readily  derived. 

Diirkiig  winter  the  potential  adlreeze  strength  of  eactt  ftosen 
aecior  depends  on  lamperatnre  ae  that  aanaally 
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Tho  •dfraoso  aMsa  {r^  at  low  tamperaturas  near  the  ground 
surface  can  exceed  100  pal.  If  rate  of  heave  oxcoeda  tha  flow 
rate  of  the  soil  Immediately  surrounding  the  pila.  Convaraaly, 
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InaMMieh  as  frost  ihrusi  oan  sicoced  nomlml  dssign  load, 
pIlM  in  ftost-susoBpUbIa  soils  oust  bs  staMUxsd  by  adsqusM 
nabtdmna.  or  by  use  of  antUwava  davioai .  Mora  datallad 
dascrlpttons  of  the  field  testa  on  frost-haavlng  of  piles  can  be 
found  In  raeenily  rrepared  reports  [11,  20]. 

PIIE  DESIGN  CRITERIA 

Tha  rasults  of  tha  last  tan  yaars  of  observations  and  pile  tast- 
ing in  parnafrost  at  various  sltas  In  Alaska,  particularly  at 
Ilia  plla-taat  anas  at  Fairbanks  and  Kolzabua<  ware  ineorpo- 
rated  in  a  recently  revised  engliiBerlng  manual  (21} .  Raqulra- 
mants  ara  givan  for  praconstiuctlon  investloations  (soil  and 
tamparatura) .  parmafMt  prasarvatlon  and  oonstruetion  taoh- 
nlques,  pile  Instaliatkm  and  teaxabaok,  tong-tam  tharatal 
raglna  ehanges,  and  design  sbengtbs  appropriate  for  founda- 
tions in  arctic  and  subsretic  araas.  Tha  design  orttaria  for 
pile  foundatlona  In  this  ownual  an  baaad  on  tha  raatalaad  and 
ulttnate  adteaaa  bond  sinngib  of  tha  varloua  soil  types  at  tha 
axpaetad  long-tarai  waparabwe  of  the  panaafrost.  Safety 
factors  ara  ralatad  M  lha  soil  type,  ice  eondlttons.  and  perma- 
frast  temperaturas.  Design  eonaidarations  and  oonstnictlon 
techniques  that  can  oounleract  or  reduce  froat-haavlng  affects 
ara  also  prasantad. 
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DISCUSSION 

WILLIAM  C.  DIAS.  Pacific  Missile  Range.  Point  Mugu,  CalU.. 
and  SIDNEY  FREEUNy^N,  National  Concrete  Masonry  Associa- 
tion, Washington,  D.C.— The  author  has  presented  a  discus- 
sion on  Installation  methods  that  requires  furthi.T  iti.irjy  i-.io 
variables  other  than  Lhe  "amount  of  heat  (both  sensible  .jr.d 
latent)  that  must  be  jjj:  jiti</:.l  !:-:nt  :h<'  ilutty  or  .-itfamea  hole 
and  Its  effect  on  pile  ijpjcim."   Addi'lrn.i;  v.irl.ib>;s  ailecttng 
pile  Ir.stallatlon  and  (I'jozc-l-jrk  arc  jnalyzcd  .tr.d  .1  working 
cqu.illon  established.  Althoagh  datD  are  still  needed,  by 
using  the  variables  studied,  iounddti  ti  ili^alyn  may  take  full 
advantage  of  natural  refrigeration  wlihtjuE  risk  of  foundatlor. 
fallu:-.-         t-j  ilo.v  ;-jfTeezlng  of  piles. 

The  InstallatKm  problem  Is  considered  using  aata  Iron  '.he 
Alaska  Field  Station  at  Faliban'.--, .    runtl,i.niiTL!a;ly ,  the  vari- 
ables affecting  freezeback  tirtn!  are  sinUldr:  (.1)  A-irual  tem- 
perature changes  in  pcrmalrost:  (b)  Initial  perm  ilrcist 
temperature;  (c)  thennal  properties  of  permafrost;  (dj  pile 
.^pacing,  (e)  latent  heat  of  fnMsing  of  tha  backfills:  and 
(f)  hole  diameter . 

Pile  placement  m«ithod3  that  Introduce  a  minimum  of  heat 
Into  permalrost  during  Installation  are  preferable.  The  ix>u.-id- 
ary  surface  of  the  permafrost  at  the  perimeter  of  a  dry-augurad 
hole  might  increase  In  temperature  because  of  augering,  but 
since  there  Is  no  continuing  source  of  heat  within  the  hole. 
Initial  f»»rn-,ff->3t  temperatures  around  the  hole  are  essentially 
unchjnged.   A:  Lho  Instant  o(  backllll  placement,  however,  the 
pennairost-backflU  interface  changes  temperatura  to  32° F.  At 
a  short  radial  distance  from  tha  hole,  there  is  no  instantaneoua 
change  in  permafrost  temperature,  and  the  initial  temperature, 
below  32^r.  persists  for  some  time.  Heat  then  flows  radially 
from  the  laisrfaoe  at  32°F  toward  tha  colder  temperaturas  in 
tha  BUROundIng  panaafrost;  In  tlma  tha  radius  of  affect 
incnasas  and  the  parmaltoM  warns .  Finally .  wtib  tha  back- 
fill fuUy  frosan  and  its  latent  haat  aidiauatad,  tanpanhms 
around  tha  ptia  drop  toward  the  Inttial  parmalkoat  lamparatura . 

It  lha  vohima  of  parnafrost  Involved  wara  UmUad,  and  if 
the  diffused  beat  of  backfill  fraasing  wan  not  extracted  from 
tha  pacmafroat,  final  average  tamparatura  ol  baokflU  would  ba 
hitfhsr  than  tha  Initial.  Waahad  and  stasamd  holaa  ara  at  a 
diaadvantaga  baeausa  atsam  and  water  pravlda  a  continuing 
source  of  beat  within  tha  hols  whlls  tha  hole  Is  baing  put 
down,  and  aa  long  as  It  stands  opan,  babm  itaa  plla  la  sat. 

A  boundary  tamparatura  of  32°F  is  cnatad  in  lha  parmafroat 
as  soon  as  water  or  staam  is  applied,  and  taaat  flows  from  dw 
hole  into  the  permafrost  as  long  as  Hbun  Is  a  haat  aouroa  In 
dM  water,  i.e . ,  as  long  as  some  water  tn  HMrbola  is  not 
frenan  and  parowfrost  tamparaturas  an  not  laoraasad  to  32f  P. 
When  the  plls  is  placed,  backfill  rafraaslng  la  slowad  down 
or  eliminated,  since  permafrost  tamparaturas  anund  ttia  bola 
are  higher  than  they  wara  originally.  This  raasonlng  la  baaad 
on  refreesing  observations  of  test  piles  but  not  on  direct 
measuramenu  of  the  effhets  discussed.  If  plies  can  be  *iven 
without  holes,  backfilling  and  rafraaslng  ara  eliminated. 


Copyrighted  matsrial 


ANMVAL  TBMPEmitf  RB  CBAMGES  IN  FERMAFROiaT 

XIm  eunws  of  lunpmtura  varwii  d^Nh  «•  ladleaiad  by  a  tlwr- 
aooonpto  string  on  •  ttabM'  plto  at  P«lri»nlct,  AJaska,  ar* 
■hOMm  in  rig.  A  - 1 .  Curra  ahapaa  ara  baalcally  a  function  of 
dM  leaaon  and  also  of  conditions  at  the  pile  site  ar.d  can 
tliMatora  be  used  as  a  general  example  of  the  effects  of  the 
acaaonal  changaa  In  taajMratuia  ooadttkma. 
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Curva  1  aliowa  lanparatures  on  8  Jan.  19S8,  when  the 
annual  zone  was  only  partly  frozen.  Permafroat  temperatures 
ware  high,  ranging  from  32°r  at  the  top  of  pama frost ,  down  (o 
about  30"?  at  19  f(.  The  thomial  gradient  IndlMted  heat  flow 
from  lha  upper  levels  of  permafrost  donmward  as  temperatuiaa 
alowly  atfjiisied  to  the  si^F  boundary  at  the  top  of  permafroat. 
Heat  flow  firom  0teund  lo  air  la  limltad  to  the  annual  Crmi  sone 
and  that*  la  no  llow  of  beat  t^om  the  panaaftoat.  This  temper- 
atura  dlatrUNitkNi  la  not  favonbla  (or  natural  fraaiaback.  Flies 
ara  frosan  aoat  quickly  to  the  annual  sone  and  tend  to  bo 
haavad  by  dia  annual  son*  baton  fraaiaback  in  the  pafmafreat 
la  oowiplatad. 

Bvan  during  auaunar  wlian  the  annual  sone  la  Mi«ind«  ten- 
peratuma  wlibin  penaafroat  tend  to  approaeh  thoae  ahewn  by 
this  curve,  wldi  reaultant  alow  fraeiebaek.  At  coldar  altaa. 
auch  aa  Xbtmbue,  Alaaka,  lanparaluras  of  23*  to  2S*F  might 
be  found  at  20  ft  depths  In  suauiar  Inataad  of  the  Indloatad 
30*F  tamperatura.  At  auch  oold  locatlona,  pllaa  could  be 
Inatallad  with  aueeaaslul  natural  froanaback,  avan  dtarlng 
iiiiwiar,  wllh  pUn  apaolag  dw  only  llnltatlon.  For  such  an 
inatallatlan .  as  tha  latent  taaot  of  froezing  la  dtffbaad  trem  the 
baekfiu  to  the  permafroat,  Ita  tanparaturo  Ineraaaea  pittpcr- 
tlenaiely,  since  that*  la  no  beat  flow  from  tha  parmafiost 
ttaelf  tmdar  Iho  Curve  1  gradlmt. 

Curve  2  shows  temperatures  on  26  Feb.  19S8.  By  then  the 
annual  frost  zone  had  frosen  solid  and  heat  was  flowing  from 
the  permafrost  to  the  cold  air.  Pile  installation  under  these 
conditions  is  (avorablo  Cor  natural  freezeback.   Piles  freeze 
quickly  within  10  (t  of  (jround  surface  and  more  slowly  at 
greatt^r  depths  .-^s  i;ir-  \.<Mr.\a'.i.}^(  ;L'n-.;ier.j",uro  drops  with  tho 
ponelrallr.t;  cold.    P;lo  apjcing  here  Is  less  l.Tiportant  than 
under  conditions  of  Curve  1  since  the  diffused  heat  of  freezing 
ter.ds  to  flow  fruin  the  permafrost  to  the  air,  and  the  permafrost 
is  r^ot  the  sole  source  of  refrigeration.  With  the  tamperatura 
gradients  as  shown  in  Curve  2. 

Curve  3  shows  temperatures  on  1-1  Apri;  1958.   By  then  there 
was  a  sharp  temperature  drop  to  a  19  ft  depth.  Tho  tempera- 
tures shown  allow  quick  refreczlng  of  piles  if  the  piles  arc  not 
too  closely  spaced.   Tho  minimum  temperature,  25°F,  occurs 
at  a  4  ft  depth,  with  he-at  fkwlng  dr-wnwaiii  frorr.  the  griiur.iJ 
surface  into  the  permnfrost .    Slnci!  ht'n;  fluw  lri,i:n  thr  p«;rmd- 
frosi  tn  Uir  ,-ilr  Is  rut  off,  diffused  Ijtcnt  heat  car.  r.o  longer 
flow  10  the  air,  and  allowable  pile  spacings  are  tharofora 
raairtciad  under  auch  a  condition.  Pstmafroat  vadually 


I  Oioso  shosm  by 

Curv*  1  but  with  annual  acne  thawing. 

Conalderatton  of  these  baste  temparahm  ouf¥ea  la  tmper- 
taat  lec  any  alia.  At  any  locatlOB  whan  tito  aaaual  aona  doaa 
not  firsAM  solid  each  year,  there  can  be  no  annual  extraction 
of  beat  from  the  permafrost  In  the  vertical  direction ,  and  per- 
mafrost temperatures  must  approach  32*F.  This  temperature 
condition  might  be  found  in  any  geographloal  area,  although 
It  Is  most  common  In  sporadic  permafrost  areas. 

This  condition  might  be  found  in  generally  continuous  per- 
mafrost areas  beneath  bodies  of  water,  deep  fills  or,  presum- 
ably, wherever  steam  thawing  or  any  other  construction 
Operation  had  lowered  the  permafrost  table  slgnllicsintly ,  so 
that  the  thawed  zone  over  trie  pr-rmafroat  \v:Lild  r.ot  frc'  Zr 
solid  for  one  or  :i;iirrf  yi-:i.-s.    Heat  flow  m  .i  louglily  horl^nntal 
direction  could  Ii  wit  pormafrost  tcmporaturos  somi  whui,  '-vcn 
below  a  layer  that  was  not  fully  frozen  each  year,  but  vortical 
heat  flow  is  most  effective  sinoe  Its  paili  of  heat  flow  la 
shortest . 

WRIAL  PCRMAFltCST  TSMFEMTOReS 

Wher.  piles  were  Installed  In  File  Site  C,  Fairbanks,  [A- 1  j 
during  April  19S7,  penaafroat  lampereturaa  varied  from  about 

IS"?  to  about  30°F  throughout  most  of  the  area.  Where  back- 
fill is  placed  around  piles  at  low  temperatures,  refreezing  is 
significantly  faster  than  If  Initial  permafrost  temperatures  are 
higher  and  other  conditiin.^:  identical.  The  wide  range  of  tem- 
peratures encountered  in  the  field,  up  to  aiiect  tho 
auooeaa  of  any  InataUation. 

IBERMAI.  PROFEIOIES  OP  PERIMFIIOST 

Volumetric  noat  capacities  and  thermal  conductlvlllc;.  uf  (.Tm*- 
frost  vary  among  sitvs  or  even  at  (he  same  site  with  signlilcant 
offaeta  on  rafcoesing  tiaaa. 

PII£  SPACING 

Ldtenl  heat  of  freezing  diffused  from  pilaa  at  eloae  spacings 
may  increase  permafrost  temperatures.  Assume  that  numerous 
piles  arc  put  In  at  20  ft  5pi rings,  with  latent  heat  c:  freezing 
of  backfill  at  about  6200  Biu/ft  of  pile  length.   !f  durlny  re- 
freezing  heat  flows  radially  from  tho  piles,  and  hcjt  is  not 
extracted  from  tho  permafrost  at  the  site,  average  temperature 
Increase  in  permafrost  at  volumetric  heat  capacity  of 
31  Btu/cu  ft  'r  is  only  o.sT.  At  10  (t  spacings.  average 
increase  in  permafrost  temperature  due  to  heal  flow  from  the 
backfill  is  2°F;  at  S  ft  spacings,  BT, 

Refreezing  is  delayed  or  eliminated  as  average  permafrost 
temperatures  approach  32"?.   In  practice,  temperature  increase 
In  permafrost  might  be  less,  since  some  heat  could  be  con- 
ducted away  from  the  Immediate  vicinity  of  the  piles,  but 
spacings  must  be  considered  Since  heat  flow  away  from  tha 
vicinity  of  the  piles  may  ooctir  slowly . 

REFR£{ZING  TIME 

The  relationship  between  refreezing  time  and  the  variables 
discussed  Is  shown  In  Fig.  A«2.  This  nlatlonshlp  was  devel- 
oped from  field  atudloa  CA«1]  using  various  pile  ^rpes  Instal- 
led tn  dry-augered  holes  of  16  lo  18  In.  dla.  at  20  ft  apadngs. 
Backfill  typea  bichidad  alll-watar  ahmy,  *y  aand  (lasa  than 
2%  BWlatura  content) ,  clay-water  sbKiy  and  water.  Intent 
heat  of  freeataig  varied  aa  a  funetloR  of  eonlent  water  and 
amount  of  backfill  placed  In  pile  holea.  The  range  waa  about 
20M  to  10, 000  Btu/tt  of  pile  langdi  for  alunry  and  water  beek- 
fllls  and  negligible  for  dry  aand.  A  alutry  la  betisr  Oian  plain 
watsr  because  leas  latent  heat  must  be  exfraeiod  in  a  shiiry 
mixture. 

Tha  oquatlan  ahown  at  Fig.  A*2  for  frees^eok  time  la  an 
approaUsMtlan  that  f tta  tha  flehl  data  for  oondlttona  of  radial 
boat  flow  wldi  negliglbls  vertical  heat  flow.  An  assumed 
ooefftolent  of  thermal  caoduetivity  Btu/(t  houi*P  of  permafrost 
of  1.$  waa  used  In  all  caoqmtatlana. 
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RMstMek  Hm^  imri}  C'VMmmtKc  Umi  BapwWy  at  panm- 
fpuvl#  ^^^^^^  i  ^*  CuMtatawl  •tfi^wiBal  MndicNvliy  sf  pvHW* 

tfMf,  {f^Tpi  O'Ulwt  h«ot  of  frMiing  of  boclif.li.  8fu  0«r  foot 
0  tU»  lomtbi  r.«Mtlol  romrntH  piU  hole,  ft^  at*  }2-f  minu* 

ri«.  A.2. 

Ite  taoia  df  ftold  dirita  1«  ahgim  by  tlw  ■Iwdsd  onn  of 
Fig.  A«2  far  ■lU-«vHr  sloRy  bBckOll  with  latanl  haat  oontant 
of  3000  to  10,000  Btu/tt  of  plto  tongth.  Th*  ooMmi  tnttial 
paimBbost  tanpanturat  at  lha  alta  wan  about  2$*P.  Mo  data 
warn  obtalnad  lor  initial  pafaiafroat  tanpetatives  abowa  about 
2».S«P. 

Curvas  A  and  B  worn  ooa^tad  Hrern  tha  aquation  abown, 
Ctova  A  waa  eonputad  for  lalant  haat  of  {raaslng  of  3000  Bta/tt 
tai  a  10  In.  dla.  drr-auvarod  hola:  Curva  B  for  a  10.000  Btu/ft 
IS  In.  dla.  lM>le. 

At  26''F,  refrigeration  capacity  of  the  p«rniafrosl  is  adequate 
to  refreeze  piles  within  less  than  a  week,  even  with  vet  high 
latent  hiMt  o'.  friM^/.lr.y  (Cutvi;  B)  .    Al  :n;linl  [.cirn.ilrnyl  Ir-inp<'r- 
atures  of  ifj'F,  hirjh  latcr.t  hcot  of  .'cfroczinq  causes  ■:>  Tijrkcd 
Increase  in  refreczlr.g  tLmo.    Tno  diffeience  bC'>/eer.  the 
extfeme  curves  with  respect  to  ;^r:tLi'.il  ti-ra(*rciturefi  at  v/hlc.u 
freezing  tinii.'-;  brmn-.f  proloryr-d  -ih^Mn  thu  -Jiyn  1 1 1<;  jnl  elioDt 
of  increased  latent  heat  of  b.ickf;  11.    Far  example,  in  14  iri . 
holes  at  29°r  permafrost  t.^.Ti^errsture ,  an  Increase  of  later.! 
heat  of  backfill  frr^m  SCiuu  to  6000  Btu/U  o(  pile  iangth  caused 
freezctMck  tirxH-  t   ir  rcasc  (ram  algbt  tB algtaiaan  daya, 

according  to  tho  cqudtion 

Tha  flald  data  abewad  about  tha  aaaa  affaot. 

If  peaalbla  vorlatlona  in  tharmal  conductivity  aanno  varloua 
sltaa.  Ibaltatloaa  on OaU  control,  and  affacta  of  ottaar  Uaper- 
tant  warlabtea  an  oonaldarod,  widely  dUfafent  robeeBliig  ttanaa 
■ay  taa  aaeaualand  la  tha  flald,  avan  uadar  auparfteially  aim- 
llar  eondlUanB .  tlw  foimdatlon  daalgnar  ahould  ttiarafora 
consider  the  variables  discussed  to  avoid  overestimating  the 
natural  refrigeration  capacity  of  permafrost  and  air,  and  also 
to  take  full  odvancagc  of  both. 

Fig.  A-2  also  can  be  used  as  an  approximate  indication  of 
the  rnte  jt  .vluch  lieii:  flows  from  a  steamed  or  washed  hole 
into  Int.-  :jurr;und in:j  ;>i_!r:n.j Irost .   Curve  A,  for  ex.unp ,  shows 
Ihit  jiJLiC  Btu  ntjy  fluw  from  such  a  hole  into  por.Tjalrost  within 
Orie  ot  two  diiys  al  inltla.  permafrost  temperatures  of  26'" T. 

The  equation  approximates  fre<!/'.-t.MC>.  l.ino:,  ;..i[i:i:.u:i.)rlly 
(usual  scatter  i  two  to  four  days)  withm  the  permolrost  tem- 
perature range  of  about  30  to  25°F.  At  permafrost  temperatures 
above  20"?  or  at  loniT'T  refreerSng  times  than  those  shown  in 
the  shaded  area  of  Fiq.  A-2,  the  'jquof.rjn  is  not  applicable. 
As  shown  In  Fig.  A-1  pi-rrnafrost  terapTiratures  tend  to  change 
with  time,  and  conditlors  mlg.'ii  vmy  w::lcly  from  the  lnlti.^1 
state.  Tlte  equation  does  siiow  that  permairosi  temperature  ic 
tha  aioat  algnlfloant  varlablo  becauae  at  tamparaturaa  of  26'T 
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fraaiabaeic  tliMa  ranoatf  traa  oaa  lo  tlM  daya«  urtiila  at 
taaipaxatufaa  of  29  to  30*r  Icaaaaback  tlawa  graatly  lacreaaod. 

KrraCTS  OF  MOTOR  VARIABUES 

Ef facta  of  Blncr  varlablaa  auch  aa  dtaraal  conductivity  of 
pllaa  and  pile  ahapaa  were  not  appannt  bom  flald  atudlaa. 
Steel  pipe  and  wood  piles  reCroze  in  ataillar  parloda  of  tlaia 
under  similar  permafrost  tamperaturaa.  Tha  hl9h  tharmal  con- 
ductivity of  steel  as  oontraatad  to  vfood  did  not  appraelably 
affect  the  results . 

The  type  of  pile  used  can  directly  affe  •  fMM:.':i!brtCk.  time 
because  an  H-sectlon  occupies  less  volume  than  j  pile  of 
i:    .  Uir  iT'Ui'i -3<.'r-:inn  Inr  ihr  s.jmo  size  hole.   Hence,  the 
a.TiO'..nt  of  oacitiill  needed  to  fill  arodnd  an  H-section  is 
greater.   Both  curves  ilevelupi-d  it.,t:i  in«  equation  (Fig.  A-2) 
and  field  data  show  rh,ii  .jr.y  ircrcase  in  latent  heat  of  freezing 
of  backfill  loads  to  an  increase  of  freezeback  time  ,  whera  hola 
size  and  initial  i.cit:>rilri  ai  temperatures  are  tho  j  jmi-. 

Freezeback  curves  for  some  H-piles  tended  to  show  devel- 
opment of  secondary  isotherms  below  32^  F.   Also  the  data 
showed  that  hole  diameter  greatly  affe;:t.s  th<-  tirr.e  r.ittr  of  ilea; 
flow  from  the  hole  to  the  permafrost,  with  heat  flowing  more 
slowly  from  smaller  holes.   It  then  appears  that  H-sectlon» 
should  freeze  more  slowly  than  circular  cross -sections . 
During  slurry  freestng,  the  radius  of  the  thawed  material 
around  an  H-pile  decrease:^  lo  the  center  point  of  tho  hole, 
whereas  the  radius  of  thawi  J  jci.  around  a  circular  section 
such  as  a  pipe  decreases  only  until  It  reaches  the  pipe  radius 
witaraupon  firaaxet>ack  is  complete  .  Thus,  it  seems  that  during 
the  later  stages  of  freezetMclt.  heat  flow  from  around  an  H-ptle 
occurs  through  a  hole  of  vary  snail  radius:  sons  breaks  in  tbo 
fraaaaback  curvas  davalopln«  at  dils  type  of  pile  could  be 
axplaiaad  on  this  baaia . 

It  la  faallavad  dwt  any  daolaton  on  mathoda  of  pila  Inatal- 
latloiis  accofdtaa  lo  gonaral  panaafroat  eondlUona  (aperadlc 
or  oontlnuoui)  or  geographical  location  (nortb  or  south)  is  only 
a  mllnlnaiy  atap.  Conalderatlon  of  baale  graund  tampantuia 
eutvaa  for  parmatoat*  plla  apaeing,  and  varlablaa  CPig.  A'3} 
tax  ptonnlng  an  toatattatlCB  at  any  toundatlan  alta  oouldnault 
in  eliminating  or  minimising  tha  costly  aaa  of  artlfloial 
refrlgeratlaa  for  fraaalag  pile  badcfilla . 

llila  diaeuaalaB  la  BBlaly  an  anlargamant  of  points  made  by 
dM  author  on  tha  impgctaaoa  of  a  thorough  site  survey  and  of 
varlablaa  Involvad  In  lalraaslng  of  pllas. 

fa:rER£NCE 

[A-lJ  F.C.Crory.  "Installation  and  Testing  of  Piles  in 
Pennafreat-^Ua  811a  C,"  O.S.  Army  Cf^>ElT^y^^f  Rant .  140. 
1963. 


CICBURE 

Tha  audior  apfvaototaa  tha  Intaiaatliis  dtaeuaalon  cf  W.  C. 
Dlaa  and  8.  haadman  on  tha  natml  inaMteek  of  pllaa  to 
paimaboat.  Baoauae  an  adequata  diaaanatlon  on  natural 
fkaazaback  was  too  lengthy  for  Inclusion  In  the  paper ,  and 
reported  elsewhere  [U] ,  it  was  only  fartofly  owntloned.  Sine 
the  subject  has  been  discussed,  however,  a  brief  summary  of 
natural  freezeback  is  thought  to  Ixi  appropriate . 

Piles  backfilled  with  soil-water  slurries  in  drilled  or 
augered  holes  Introduce  both  latent  anJ  .sen.slble  heat,  w.ilctl 
Is  conducted  Into  the  surrour-.di.-.g  i;crr:i!j(r.:vj! .  The  Lior.smlc 
heat  of  the  water,  soli,  and  pile  can  be  comfiutcd,  if  the  watar 
content  of  liie  slurry  Is  known  [11].   PrejijiK  practice  is  to 
place  the  slurry  .ii     ;r:ni.cr.jtjre  iUi:jhtly  above  freezing,  SO 
that  under  norrr.al  conditions  the  sensible  heat  is  lass  than 
200  Bt'j/cu  ft,  or  small  enough  to  be  me  rely  approclmated  and 
added  to  the  latent  heat. 

The  latent  heat  fier  foot  length  of  pile  embodtr.cr.t  is  com- 
puted by  the  equations  shown  in  F:g.  B-l.   Nr;te  that  latent 
heat  is  govt  rried  or.ly  by  the  volume  of  slurry,  the  v.-.Tter  con- 
tent (w)  and  the  dry  unit  weight  (y^) .  Thus  the  beat  input  can 
ba  dlmlnlshad  by  eonlrol  of  tha  dlmanslona  of  Itaa  annnhis  and 
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Fig.  B-1. 


•lwriL>  Loimi  M«i  «f  wtittt 

r,  •  Rotfiu*  of  holl 

r,  •  Ra4>u>  of  pitt 

A>C«0>l  ItOiOnol  Orta  «l  H'ptlt 

wWoltr  cont«nl,%4ry  •riflll 

Yd'O'r  unit  «t>g)i(  et  ilwry 

Latent  heat  of  shury  backMIl 


lha  water  cor.tont  and  dry  unit  might  o(  the  backdU  malarial. 

Normally  the  radius  of  the  pUa  hola  Is  at  least  two  Incliaa 
gnater  than  tha  pUa  radius.  Thia  pamlta  the  use  of  a  con- 
crete vibrator  and  roddlng  to  consoUdata  dia  mawrlal  aitd  to 
Mimra  that  bridging  or  air  pockati  tn  not  fonnad  during  lha 
backfilling  operation .  Although  a  minlautt  tola  dlaaaiar  fior 
the  pile  type  is  desirable,  apaclflcatlona  ouiat  also  be  real- 
istic and  provide  for  the  poaltlanlng  and  alignment  of  the  pile 
within  the  normal  tolaranaaa  aneountend  In  drilling  the  hole. 

When  the  volume  of  starry  w  foot  ef  plla  Isngib  Iwa  baan 
estabiishad,  iti«  Mnpantun,  watar  eeiit«it«  and  dry  unit 
weight  of  iba  akury  om  tha  only  raMlnlng  virlnUnt  that  ean 
b«  fUM  oonlraUad.  Tha  praaant  practice  la  to  abt  tha  aoU- 
watar  alniry  in  •  oonorata  nlxar,  with  tha  aoll  eemplately 
•aiiiraiad,  at  tanpatatuias  of  teM  than  4S*F.  Usin«  tha  rata- 
ttonahlp  of  grain  spaelfle  ^nvlty,  waiar  oontant,  and  dry  oalt 
wolgbtt  siinpla  oonpartaooa  of  tha  amount  of  haat  par  unit 
vofema  at  dlOannt  walar  oonlanis  oan  ba  laada .  For  initanca, 
tha  watar  oontant  of  ttw  allt^alar  sluniaa  ucad  at  tha  Alaaka 
riaM  Statton  nocaially  ranga  batwaan  40  and  M% .  Ihna  dia 
volumetric  latent  twats  am: 

C  =  L  w 

where  L  is  latent  beat,  144  Btu/U>  of  water;  w  is  watar  content, 
OKpraaMd    daeiaal;     la  dky  imit  wolgbt.  Ih/cu  ft: 

144  (0.8(tt  (S3)  -  6100  Btu/cu  ft  (fcr  w  -  OOK) 
144  (0.40  (BO)  -  4600  Btu/cu  ft  (for  w  -  40K) 

DUtaranea    *  ISOO  Biu/eu  ft 

Maintaining  field  control  of  iho  slurry  water  content  could  thus 
effect  a  substantial  reduction  (2S%)  of  the  heat  introduced 

around  the  pile.  A  high  water  content  (>45%  for  silt).  In  addi- 
tion to  lengthening  the  Ireezeback  time  and  Increasing  the 
over -all  rise  in     rm  jfrost  tompcralLros  ,  has  other  pronounced 
effects:    (a(  An  annular  coating  of  icq,  m  some  cases  as  much 
as  a.,  iiich  ihick.  fc;.rtr.£  or;  the  wa;:  of  the;  hole  or  the-  [.lit-  sur- 
face.  Such       ici-  Uyi'r  has  a  slar.lllc=i:'.t  ftloct  oii  tiie  laietal 
stress  dlstnbir.i:  ri  irom  the  slurry  to  the  natural  ground,  (b)  If 
the  (roczcback  iirr.!;  is  ropid  (less  than  two  days),  silt-  and 
clay-water  slurries  ,  wher.  frozen,  will  attain  strengths  com- 
parable to  loe  rather  than  froze.-  der.5e  soils,   (c)  Should  the 
froozeback  time  t>e  greater  thar.  a  lev,-  days,  the  soil  particles 
will  settle  out  and  proceed  to  o i  i. r.o.ltjate ,  even  while  freezing 
Is  oci.utrlny  ii'.  "hi'  wnll  ol  thi*  holi'.    Depending  on  the  ryf-  of 
soil  ^ind  the  w.jter  crintcn;  of  thn  slurry,  consldorablo  Icnrjths 
of  the  JP'?*?  section  of  the  pile  will  with  time  be  surrounded 
by  only  water  (ice!  .   Such  .:reas  .  because  of  the  much  higher 
latent  heat  of  writer,  wlU  refreeze  at  .t.uCj  slower  rates.  If 
the  piles  riro  installed  ir  the  ;;un.;r.rtr.  tree£ebacll  Of  thOSa 
up:r<tr  sections  ,  which  are  surrounded  byWatarOOlyt  BMy  OOt 
be  completed  until  the  next  spring. 

Coaplala  kaomrladga  ef  ground  tanpsraturaa  that  axUt  wldi 


dapth  Ihwaghout  tha  yaar  la  aaaanttal  to  asttnata  fraaaa- 
bai^  tUaa  and  over-all  effaet  of  tha  Inatallatloii  on  tha  poma- 
froat.  laothama  [  2]  or  plou  of  ta»paraturaa  wttt  daptti  (as 
df  aeuaaad  by  lha  wtion)  My  te  usad  lo  aalaet  Iba  optimum 
tattallation  parted  for  rapid  Iraaiabeek.  Piasant  natboda  [11] 
of  computing  natural  freezeback  of  piles  In  permafrost  assume 
the  shtrriad  pile  to  be  a  finite  cylindrical  heat  source  inside 
a  aaml-lnfinita  medium,  with  a  audilanly  appllad  oonatant 
lanperature  (32°F)  source  which  dissipates  heat  only  In  a 
radial  direction . 

The  solution  to  the  natural  freezebriclc  problem  was  addptud 
from  Carsiaw  and  I  -.'.■ger  [  ii.  ,  Uy  U'ung  [  J3  J  ,  ond  U:e  [  lA] . 
The  general  solution  appoars  in  Fig.  B-Z.  To  determine  the 
time  required  for  iraeaeback  at  different  temperatures,  nor- 
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mally  It  is  oasloi  to  prepare,  from  thi:  gt?r.<!t.il  rioluilnii ,  ,i 
spfoif;;:  s-;luti.';n  .slniilnr  lo  ihat  sdown  In  Tig.  B'3.  The 
spi.-sritic  aiiluiion  in  b.isrd  L>n  Ihv  uxlsllnq  CDnductivity  jnd 
vnlumoltic  hi'j(  c  if  jcity  of  the  pcrmafrc'St  and  the  dUmetc-r  of 
hoh;  In  uo  jsi  d.  The  spoclllc  solution  shown  In  Fig,  B-3  Is 
comi-jii.^-^w-  to  the  oppraxluMM  aolutlon  presennd  by  the 

writers  in  Fig  .  A'  2 . 

The  t.-lti-;:t  ;jI  pil<-  st:.icitig  on  CJVrr-.iU  ri;.o  r>(  t)i;rmjIro5t 
tDinjicr.tljrc  js  j  result  -jf  the  pi Ic - instj llatlon  heat  Is  shown 
in  Fig.  B'4.   The  relationship  bc-twr-cn  sjiticir.g  and  leniixriitlire 
rise  13  Cased  on  the  "method  of  mixtures"  as  shown  by  the 
e -i jtitio.is  Celow  Che  iioracgraph .   Sln.ilar  i-l-ts,  uslr.g  the 
actsiil  vlir.f^nc  bll■^:  i-.ip.ic;ity  :'f  '.Ki'  ;     i:. -.Iroit ,  tir<-  p<t-pared 
d'„r.:  J  i:  ..qn       jppr^xirT.jtu  Ihr  :i  rri,ilr    ■  i  te:nijrriiti.ri.?;i  -liter 
IrofZtitMck  with  rejp<.'Ct  to  .:y;.ti.:r.  i.i ;  luifri  i-/.'  jtr'Tiqlhs  ■>( 
various  pile  spacinqs.   Since  the  '.rr.  I  'T  iiurc  nl  i.-.i-  :- Ijrry 
quickly  cools  to  3  2"  F,  the  heat  mtroaucuG  by  the  slurry  cannot 
raise  the  pemaff-st  tem^frature  above  32  F.   Should  the  rise 
in  pvriri.ifr  Lit  tempir rtture  (^T),  in  Fig.  B-4,  exceed  the-  dlf- 
(croniro  lx-tw<  cn  the  freezing  (xiiinl  and  the  Inlllal  pi!rm.=!ltur,t 

temperature  (32-Tp).  the  permairost  wlU  absorb  only  that 
•mMnt  of  Hie  elutiy  beak  to  ralee  tbe  pennafeoet  tanperetura 


to  the  freezing  p>Gint.   The  riMniitning  litli-iit  heoi  ut  tJio  slurry 
will  not  freeze  until  the  surrounding  permafrost  is  mode  coider. 
Thus  th<-  pl.iatic  fl^jw  of  partly  thawed  permafrost,  leaving  tba 
pile  clusters  for  the  iniimter.anct;  goi.^ge  at  Inuvlk  without 
lateral  suppcci,  as  dascxlbod  by  Prltchard  L2Sj.  is  quite 
wMtersiandabla. 

Althoegb  tiie  (raeseback  aolutlane  preeeniad  by  tbe  autbor 
and  the  writers  are  based  on  only  radial  oonduetton  of  the 
shury  heat,  the  actual  beat  path  ta  always  toward  oeldor  par- 
nefrast  than  actually  exists  at  tba  depth  oonaidarad.  Suppla- 
nentlng  the  tttemal  reglDW  described  by  the  writers.  lUusira- 
tlons  of  the  heat  paths  during  suaunsf  and  winter  are  shown  ta 
Fig.  B'S.  Wiisn  undlslurbed  ground  lenperatuns  et  the  ttaao 
of  installatloa  era  knoHPttf  an  ■aftsetiva'  tanpsratim  el  the 
perm<ifrt>st,  ovaf  Um  Um  and  dialanee  of  dw  heat  poUif  esn 
be  approxlinated  to  account  for  the  amount  of  vertical  heat  flew. 

No  factor  of  safety  is  incorporated  In  either  o(  the  Ircczc- 
Daclc  m«th3^da  discussed.   Whenever  possible,  Ihermocou p le 
assemblies,  or  other  temperature -indicating  devices,  should 
be  Installed  to  verity  the  theoretical  freezeback  times  before 
the  piles  an  actually  loaded. 
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PILE  CONSTRUCTION  IN  PERMAFROST 


G  .  H.  JOHNSTON.  Division  of  Building  Research.  NRC.  Canadd 


Permafrost  underlies  approximately  20%  of  the  land  area  of  the 
world.    Its  extensive  occurrence  In  northern  regions,  includ- 
ing almost  one-half  of  the  USSR  and  Canada  and  much  of 
Alaska,  Is  of  considerable  concern  to  engineers  particularly 
with  regard  to  the  foundations  for  vanous  structures.  Although 
permafrost  provides  excellent  bearirvg  for  a  structure,  It  may 
lose  Its  strength  to  such  an  extent  when  thawed  that  It  will 
not  support  even  light  loads.  Substantial  settlement  can  occur 
when  these  frozen  materials  thaw,  and  differential  movements 
usually  result  in  serious  damage  or  even  complete  failure  of 
the  structure. 

Prior  to  the  last  war.  construction  in  the  Canadian  North 
mainly  Involved  the  erection  of  Isolated  small  buildings  and 
limited  engineering  facilities.   Most  structures  were  supported 
by  foundations  which  extervded  to  or  slightly  into  permafrost 
or  were  placed  on  the  ground  surface  [  1 1 .    Some  movement  had 
to  be  tolerated,  therefore,  due  to  frost  action  and  thawing  of 
the  frozen  ground.   Increased  rvorthern  development  in  recent 
years  has  required  the  construction  of  more  extensive  facili- 
ties that  made  previously  used  fouiKiation  designs  unsuitable. 

Present  construction  techniques  for  large  structures  favor 
the  use  of  foundations,  such  as  piles,  which  are  embedded  in 
permafrost.   They  are  particularly  useful,  and  may  be  the  only 
typ«  of  foundation  suitable,  for  sites  underlain  by  materials 
containing  large  quantities  of  ice.   Piles  arc  anchored  In 
permafrost  thus  providit)g  resistarx;e  to  frost  action  forces. 
In  addition,  because  they  are  well  embedded,  some  thawing 
of  the  frozen  grourvd  can  occur  without  detriment  to  the 
foundation  or  structure. 

Several  accounts  descrlblr^  the  design  and  performance  of 
pile  foundations  in  permafrost  areas  have  been  published  [  2, 
3,4l.  Studies  have  also  been  conducted  to  determine  factors 
affecting  the  use  and  design  of  piles  in  frozen  ground  [S.6,7, 
8].  There  is  a  great  need,  however,  for  additional  information 
on  the  design  of  pile  foundations. 

The  development  of  the  new  townsite  of  Inuvlk,  NWT,  In  an 
area  of  continuous  permafrost  offered  a  unique  opportunity  for 
members  of  the  Division  of  Building  Research,  National  Re- 
search Council,  Canada,  to  conduct  studies  of  many  aspects 
of  construction  on  permafrost.   Pile  foundations  were  used 
extensively  at  Inuvlk  and  the  experience  gained  and  some 
observations  on  their  use  are  reported. 

HISTORY 

The  development  of  the  new  townsite  of  Inuvlk  near  the  mouth 
of  the  Mackenzie  River  (68°2rN,  133°44'W)  resulted  from  a 
decision  of  the  Canadian  Government  In  1953  to  concentrate 
and  enlarge  Its  educational  and  administrative  facilities  for 
the  Northwestern  Arctic  at  or  near  the  old  settlement  of 
Aklavlk  located  in  the  Mackenzie  River  Delta.   Akiavik  was 
not  a  suitable  location  for  the  expansion  proposed  for  several 
reasons  Including  poor  subsurface  conditions  19].  During 
1954,  therefore,  potential  sites  for  a  new  town  were  surveyed 
LlO].    The  most  favorable  site,  originally  known  as  East 
Three  but  officially  named  Inuvlk  In  July  195B,  was  recom- 
mended; by  a  decision  of  the  Federal  Cabinet  in  November 
I9S4.  development  of  the  new  townsite  was  approved. 

During  1955  and  1956.  construction  activity  was  limited  to 
site  preparation  (building  access  roads,  hand  clearing  of 
brush,  stripplr>g  of  borrow  pits),  stockpiling  materials  and  the 
erecuon  of  a  large  equipment  maintenance  garage,  some  ware- 
houses, and  a  wharf.   The  main  construction  period  was  from 
early  1957  to  the  late  fall  of  1960  when  all  major  conUact 
work  was  completed  [ll].   All  malor  buildings  (including  most 
housing)  and  ongineoritvg  facilities  such  as  heated  oil  tanks 
and  utllidors  are  supported  by  pile  foundations  (Fig.  I).  All 
pile  foundations  were  placed.  In  advance  of  building  construc- 
tion, by  the  Federal  Department  of  Public  Works. 


rig.  1.  Air  view  of  Inuvlk  under  construction.  June  1959 


DESCRIPTION  OF  SITE 

Inuvlk  Is  located  on  a  terrace  immediately  adjacent  to  the  East 
Chantwl  which  forms  the  eastern  boundary  of  the  Mackenzie 
Delta  [121.   The  relief  of  the  area  is  one  of  flats  at  varying 
elevations,  gentle  undulations  scpcrated  by  shallow  swales, 
rounded  knolls,  hummocky  hills,  and  ridges  of  varying  heights 
and  lertgths.   Spruce  and  birch  are  the  dominant  tree  typos 
with  secondary  stands  of  willow  and  alder.   The  ground  is 
generally  hummocky  and  covered  everywhere  with  moss  from  4 
to  6  In.  thick. 

Below  the  living  moss  cover  a  brown  to  black  peat  (average 
depth  about  2  fO  occurs  over  much  of  the  site.  At  a  few  loca- 
tions It  may  be  as  deep  as  13  ft.  Underlying  the  peat  there  is 
usually  a  brown  gravel  with  sand  or  silt  which  varies  In  thick- 
ness from  1  to  14  ft.  This  material  Is.  In  turn,  underlain  by  a 
grey  gravel  with  sand,  silt  or  clay.  Granular  deposits  are 
underlain  by  various  combinations  of  grey,  fine-grained  soils, 
mostly  silt  size.  A  typical  sequence  of  subsurface  materials 
found  at  the  Inuvlk  townsite  is  shown  in  Fig.  2. 

Ice  segregation  varies  considerably  over  the  site  but  has 
been  observed  in  all  soils,  ranging  from  fine-hairllne  lenses  or 
coatings  on  particles  to  massive  ice  concentrations  several 
feet  thick.  The  higher  ice  contents  occur  in  the  peat  and  the 
fine-grained  soils,  generally  in  the  form  of  thin  lenses-  The 
larger  Ice  masses  are  also  chiefly  associated  with  peat  and 
fine-grained  soils  although  some  have  been  observed  in 
granular  materials  (Fig.  3). 

Permafrost  occurs  everywhere  under  the  ground  surface  at 
Inuvik  to  depths  exceeding  300  ft.   The  mean  annual  grouiMl 
temperature  at  depths  Of  from  IS  to  100  ft  is  approximately 
26'F.    The  maximum  depth  of  thaw  observed  in  the  late  summer 
of  1954  (during  the  site  survey)  ,  i.e.  ,  prior  to  occupation  and 
disturbance  of  the  area,  averaged  1.5  to  2  ft,  ranging  from 
1  ft  In  peat  to  about  4  ft  in  gravel  having  a  4  in.  moss  cover. 

FOUNDATION  SELECTION 

It  was  realized  that  because  of  the  variable  soil  and  perma- 
frost conditions  at  Inuvlk,  every  precaution  would  have  to  be 
taken  to  prevent  thawing  of  the  underlying  permafrost,  or  at 
least  to  keep  thawing  to  an  absolute  minimum.   In  addition, 
the  erection  of  several  very  large  buildings  and  important  faci- 
lities at  the  site  made  foundation  design  particularly  critical: 
the  selection  of  one  foundation  type  that  would  serve  all  or 
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most  structures  was  most  desirable.   Under  these  ctrcum* 
stances  it  was  decided  to  place  all  structures  on  pile 
foundations. 

Five  major  factors  had  to  be  considered  with  regord  to  the 
use  of  piles  in  permafrost  at  Inuvlk.   These  were:  Site  prep- 
aration, type  oi  pile,  pile  plocomcnt  methods,  depth  of 
•mbedmont,  and  refreezing  characteristics. 

PILE  FOUNDATIONS 
Site  Preparation 

It  was  Imperative  thot  Inuivtduol  construction  sites  as  well 
as  the  area  as  a  whole  be  disturbed  as  little  us  possible  In 
order  to  mrtintain  the  frozen  ground  condition.    Under  no  cir- 
cumstances was  the  insulating  moss  cover  to  be  disturbed  and 
therefore  movement  of  construction  equipment  and  clearing  of 
brush  was  under  strict  control.  Any  necessary  clearing  ol 
trees  and  ur>dcrgrowth  was  done  by  hand  methods. 

At  each  construction  site  a  gravel  pad  from  18  to  24  In. 
thick  was  laid  over  the  whole  area.   Tor  access  the  pad  was 
connected  to  an  adjacent  mam  road  by  a  gravel  fill.  Heavy 
equipment  thus  moved  easily  about  the  site  and  construction 
materials  were  stockpiled  on  the  gravel  pads  with  little 
disturbance  of  the  moss  cover. 

Type  of  Pile 

More  than  20,000  piles  were  placed  for  the  four>datlons  of 
buildings  (Figs,  4,S),  utllidors,  oil  tanks,  and  road  bridges 
(Fig.  6).    Because  spruce  timber  was  available  from  the 
adjacent  delta  area  and  thus  would  affect  a  substantial  saving 
in  cost  over  material  brought  in,  wood  piles  wore  used  for  the 
majority  of  the  foundations.   Although  some  timber  in  24  and 
30  ft  lengths  was  available  in  the  delta,  most  of  the  spruce 
plies  obtained  locally  had  a  maximum  length  of  20  to  22  ft 
with  a  minimum  dia.meter  of  6  in.  About  600  pressure- creosoted 
Douglas  Fir  piles  (30  to  40  It  long) ,  wore  brought  in  from 
Edmonton,  Alta.  ,  for  the  foundations  for  the  powerhouse  and 
the  two  35,000-t>arTel  heated  oil  storage  tanks.  Some  200  re- 
inforced concrete  piles  (about  20  ft  long  and  IS  in.  square) 
were  cast  on  the  site  and  used  for  road  bridges  over  the 
utilldor  lines-   Approximately  300  stool  piles  wore  used, 
primarily  for  corners  and  anchor  points  along  the  utilldor  lines. 
Some  of  these  piles  were  9  in.  dia.  pipe  and  others  were  wide 
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Fig.  6,  Concrete  and  wood  piling  for  bridge  and  utilldor  found- 
ations 


flange  beams  (approxlmalcly  12  by  IS  in.)  about  24  ft  long. 

Preservative  trcatmem  of  wood  piles  Is  necessary  to  prevent 
deterioration  of  the  upper  portion  of  the  pile  which  ts  In 
thawed  soil.   All  wooden  piles,  except  the  pressure-creosotod 
ones,  were  treated  at  the  site  using  a  diffusion  process.  The 
bark  was  stripped  from  the  top  6  to  10  ft  of  each  pile,  although 
initially  the  first  few  hundred  piles  were  treated  for  their  full 
length,  and  the  preservative  applied  by  brush  to  the  limber  in 
the  form  of  a  paste. 

Pile  Placement 

Satisfactory  performance  of  pile  foundations  depends  upon 
adequate  anchorage  of  the  pile  In  permafrost.   The  method  by 
which  piles  e^rc  placed  in  Che  ground  can  have  an  appreciable 
effect  on  refreeztng  conditions  and  ultimately  on  their  perform- 
ance.  Normal  procedures  entail  cither  steam  thawing  or  dril- 
ling a  hole  into  which  the  pile  can  be  driven.   At  Inuvik. 
steam  thawing  of  pile  locations  was  used  for  virtually  all 
foundations.    For  the  two  large  oil  storage  tanks  and  the 
powerhouse,  however,  where  the  piles  were  closely  spaced 
because  of  the  heavy  loads,  the  piles  were  placed  in  drilled 
holes. 

Drilllfvg—  At  the  location  of  the  structures  previously  noted  a 
truck-mounted  seismic  "shot-hole"  rig  was  used  to  drill  pile 
holes.  The  gravel  pad  and  active  layer  were  penetrated  with 
a  24  in.  auger,  and  a  casing,  made  of  4S  gal  gas  drums, 
placed  in  the  hole.    From  the  permafrost  table,  holes  were 
bored  with  18  In.  dla.  augers,  having  special,  hard  metal- 
faced  cutting  edges,  to  depths  of  about  30  ft.   Frozen  fine- 
grained soils  and  ice  were  readily  penetrated  by  the  augers 
(e.g.,  23  ft  in  l.S  to  2  hours)  but  at  many  locations  concen- 
trations of  boulders  and.  at  the  23  It  depth,  a  cemented  layer 
oi  gravel,  prevented,  or  caused  very  slow,  penetration.  When 
Stones  were  encountered,  carefully  controlled  steamlrvg'dO  to 
20  psi)  was  used  in  order  to  enlarge  the  hole  so  that  the 
stones  could  be  pushed  to  the  side  and  thus  allow  passage  of 
the  auger. 

Steaming— All  other  piling,  e.g.  ,  utilldor  and  building  found- 
ations, were  placed  in  steam-thawed  holes  (Fig.  7).   A  SO  hp 
oll-fired  portable  boiler  supplied  steam  to  as  many  as  five 
0.7S  In.  letting  pipes.    Boiler  gage  pressure  varied  from  100 
to  130  psi  but  was  usually  mainlained  at  about  IIS  lo  120  psl. 
Pile  locations  were  steamed  from  10  to  20  ft  In  depth  and 
averaged  about  14  ft.    The  depth  and  rate  of  penetration  of  the 
steam  )ets  varied  considerably  and  were  directly  dependant  on 
soil  type.  Organic  material  or  massive  ice  was  penetrated  so 


Fig.  7.   Pile  steaming  and  driving 


rapidly  that  the  )cts  had  to  be  held  up  until  the  hole  exceeded 
the  pile  In  diameter.   In  granular  materials  ,  which  contained 
many  stones,  and  dense  sandy  slit  the  Jets  had  to  be  forced 
into  the  ground.   At  times  stones  prevented  Jet  penetration  to 
the  depth  desired.    In  these  cases  a  new  hole  was  started  im- 
mediately adjacent  to  the  old  location,  or  the  pile  was  driven 
to  the  depth  steamed  if  the  hole  was  considered  deep  enough. 
In  some  townslte  areas,  gravels  were  cemented,  at  a  depth  of 
8  to  10  ft.  by  an  iron  oxide  coating  which  made  steaming  very 
difficult. 

The  difficult  steaming  conditions  encountered  in  the  gravels 
often  resulted  In  excessive  steaming  of  pile  locations  at  some 
sites.   This  oversteamlng  substantially  enlarged  the  pile  holes 
near  the  surface  (os  well  as  at  depth)  and  caused  subsidence 
of  the  ground  surface  due  to  the  thawing  of  massive  ice  depos- 
its.  The  thawed  zone  surrounding  each  pile  varied,  but 
generally  was  from  2  to  4  ft  in  diameter. 

Very  stony  soils  also  caused  trouble  during  pile  driving. 
Stones  were  frequently  loosened  by  pile  driving  and  these 
deflected  the  pile  out  of  line  (as  much  as  3  fO .   In  some  cases 
stones  were  forced  to  the  bottom  of  the  hole  so  that  the  pile 
could  not  be  driven  to  full  depth.   A  steaming  technique  was 
developed  by  which  the  steam  Jet  was  left  at  the  bottom  of  the 
hole  to  "bell  out"  or  enlarge  a  thawed  area  Into  which  stones 
and  boulders  could  be  pushed  by  the  pile  as  It  was  driven. 

Steaming  intervals  varied  widely  over  the  townslte  and  even 
from  one  pile  location  to  onothor  at  one  construction  site. 
Observations  of  steaming  intervals,  including  the  time  taken 
for  the  Jet  to  penetrate  to  the  hole  bottom  ("sinking"  time)  ,  the 
"belllng-out"  time  and  the  total  time,  were  made  during  the 
construction  period.   Total  steaming  times  for  a  14  ft  hole 
ranged  from  about  1  hour  under  good  steaming  conditions  in 
fine-grained  soils  to  about  8  hours  al  a  few  locations  where 
steaming  was  most  difficult  because  of  heavy  concentrations 
of  stones.    In  the  latter  case,  because  of  the  excessive 
steaming ,  the  jet  pipe  was  pulled  to  the  surface  without 
"belling  out"  the  bottom  o(  the  hole.    Some  of  the  steel  piles 
for  utilldor  corners  and  anchor  points  were  placed  to  a  depth 
of  20  ft  and  these  holes  generally  required  steaming  for  4  to 
6  hours. 

Driving  — At  the  powerhouse  and  the  heated  oil  storage  tanks 
whore  holes  were  drilled,  the  piles  were  simply  dropped  into 
the  hole  and  a  silt-  and  sand-slurry  backfill  placed  around  the 
pile-  At  steamed  locations  a  2000  lb  drop  hammer  was  used 
to  drive  piles.    In  most  cases  the  hammer  weight  was  suf- 
ficient to  force  the  pile  to  a  depth  of  from  4  to  6  ft  in  the 
steamed  hole,  and  the  pile  was  then  driven  to  refusal.   As  the 
pile  was  driven,  the  soil  slurry  resulting  from  the  steam  thaw- 
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Ing  was  forced  to  the  surface.   Those  plies  deflected  by  stones 
dur)i>g  driving  (some  more  than  12  in.)  had  to  be  realigned. 
The  " straightening"  operation  consisted  of  rcsteamlng  the  holn 
beside  the  pile,  pulling  the  pile  Into  line  with  a  winch  and 
then  inserting  long  wooden  wedges  beside  the  pile  to  hold  It  in 
position  until  refrozfin  (Fig.  8) .   Although  many  plies  were  re- 
aligned Immediately  after  placement,  some  piles  had  to  be 
straightened  from  2  to  4  weeks  after  the  pile  had  been  driven, 
because  wedging  was  Ineffective,  until  the  large  thawed  zone 
surroundlr^  the  pile  at  the  surface  had  refrozen. 

In  an  attempt  to  provide  additional  ar^chorage  against  frost- 
heave,  piles  were  driven  butt-end  down  for  the  foundations  of 
the  first  structures  erected.  Great  difficulty  was  experienced 
In  driving  because  the  local  timber  tapered  greatly  from  butt 
to  tip,  and  stones  In  the  hole  wall  prevented  penetration  of 
the  pile.  Consequently,  eiccept  for  about  200  piles,  all  piles 
were  driven  tip  down. 

Depth  of  Emtaedment 

Only  limited  Information  Is  available  with  regard  to  the  re- 
quired depth  of  embedment  of  a  pile  In  permafrost.  Although 
some  of  the  load  on  the  pile  may  be  taken  by  end  bearing.  It 
is  believed  that  when  the  pile  Is  completely  frozen  into  the 
surrounding  soil  much  of  the  load  is  transferred  to  the  perma- 
frost by  the  tangential  adfreezing  strength  developed  between 
the  soli  and  the  surface  0(  the  pile-   Not  only  docs  the  ad- 
freezing bond  distribute  the  load  to  the  permafrost  but  it  must 
also  resist  frost- heave  forces  In  the  active  layer.    Two  factors 
Influence  the  embedment  depth:  The  depth  of  the  active  layer 
resulting  from  the  presence  of  the  structure  over  a  period  of 
year.s  and  the  adfreezing  strength  that  will  be  mobilized  by 
surrounding  frozen  soil.   Because  of  the  information  lack  on 
these  factors  the  following  "rule  of  thumb"  lor  embedment  of 
piles  In  permafrost  has  generally  been  followed:  "Piles  should 
be  embedded  in  permafrost  to  a  depth  equal  to  at  least  twice 
the  depth  of  seasonal  freezing  aixl  thawing  during  the  life  of 
the  building"  1 13]. 

Only  a  qualitative  assessment  Of  the  potential  depth  of 
expected  thaw  under  a  building  at  Inuvik  could  be  made.  For 
design  purposes,  therefore,  some  increased  thawing  was 
Bssumed  that  would  result  in  a  maximum  depth  of  thaw  of 
between  4  and  S  ft  over  a  period  of  years.   Thus,  using  the 
"rule  of  thumb,"  piles  should  bo  anchored  at  least  10  ft  In 
permafrost;  i.e.  ,  placed  to  a  minimum  depth  of  about  15  ft 
below  ground  surface. 

For  most  buildings,  holes  were  steamed  to  a  depth  of 
about  IS  ft  and  the  piles  were  generally  driven  to  within  1  ft 
of  the  steamed  depth.    Steel  arvchor  piles  for  the  utilidors 
Were  placed  to  depths  of  IS  to  24  It  in  steamed  holes.  Wood 
piles  for  oil  tanks  and  powerhouse  were  placed  to  a  minimum 
depth  of  ZS  ft  in  drilled  holes. 

Pile  Refreezlng 

The  refreezlng  period  required  for  piles  placed  In  permafrost  Is 
of  utmost  importance  to  a  construction  schedule.  Superstruc- 
tures cannot  be  erected  until  the  foundations  are  adequately 
af>chored  in  permafrost.    Refreezlng  of  piles  is  dependant  on 
many  variables,  including  the  time  of  year  when  piles  are 
placed,  steaming  Interval,  ground  temperatures,  soil  type, 
and  soil  moisture  content.    Of  these,  perhaps  the  most 
Important  factor  is  the  steaming  interval. 

Refreezlng  observations  made  at  Aklavik  in  19S3  and  at 
Inuvik  in  1955  [2]  Indicated  that,  with  average  or  moderate 
steaming,  piles  would  be  refrozen  at  the  20  ft  depth  within  a 
few  days  and  at  the  10  to  14  ft  depths  within  one  month. 
Shallower  depths  normally  took  longer  than  one  month  to  re- 
freeze  depending  on  the  time  of  year.   Excessive  steaming  pro- 
longed the  refreezlng  period  considerably— by  as  much  as 
several  weeks.   The  need  for  carefully  controlled  steaming  was 
therefore  emphasized. 

Observations  made  at  Inuvik  durirtg  the  construction  period 
showed  that  piles  should  not  be  loaded  for  from  2  to  6  months, 
or  longer,  depending  on  the  time  of  year  they  were  placed.  In 
particular,  a  full  winter  period  (at  least  6  months)  was 


Fig.  8.  Straightened  piles.  Note  variability  of  driven  depth , 
wedges,  and  ground  subsidence 


required  to  ensure  that  piles  placed  in  the  fall  were  adequately 
anchored  and  free  of  movements  caused  by  freezing  of  the 
active  layer. 


CONCLUSION 

Pile  foundations  have  long  been  used  with  great  success  in 
temperate  climates  to  provide  support  for  structures  located 
on  materials  that  are  relatively  unstable  or  have  low  twaring 
capacity.   They  have  also  had  considerable  application  in 
permafrost  areas  where  they  are  used  to  transfer  bulldli>g 
loads  through  the  unstable  active  layer  to  the  more  suitable 
and  stable  permafrost.   Certain  aspects  of  pile  placement 
techniques  and  design  criteria  differ  considerably  for 
foundations  in  permafrost  however. 

Methods  of  placing  piles  In  permafrost  (e.g. ,  by  steaming 
or  drilling  holes)  can  have  an  appreciable  effect  on  their 
performance.    Major  design  considerations  include  predicting 
the  effect,  with  respect  to  thawing,  that  a  structure  will  have 
on  permafrost  and  determining  what  tangential  adfreezing 
stTet>gth  can  be  assumed  for  distributing  the  load  to  perma- 
frost and  resisting  frost-heaving  forces.    Factors  considered 
in  the  use  of  pile  foundations  at  Inuvik,  NWT,  have  been 
described  as  an  example  of  the  approach  taken  at  that 
location. 

Pile  foundations  at  Inuvik  have  performed  exceedir^ly  well 
to  date.   Observations  on  pile-placing  techniques  ar>d  refreez- 
lng characteristics  have  shown  that  careful  steamii>g  control, 
particularly  during  the  latter  part  of  the  year,  is  required  be- 
cause of  difficult  soil  conditions.    Excessive  steamirtg  of  pile 
locations  can  result  in  greatly  Increased  refreezlng  times. 
Piles  placed  early  in  the  year  (lanuary  to  May)  can  usually  be 
loaded  within  2  to  3  months.   Those  placed  later  in  the  year 
may  not  be  adequately  anchored  (to  resist  frost -heave  occurring 
in  the  active  layer  during  the  late  fall  and  winter)  for  periods 
of  six  months  or  more,  depending  on  steaming  conditions  and 
refreezlng  characteristics  of  the  soils  encountered. 

The  largo  construction  program  recently  completed  at 
Inuvik  has  shown  the  success  of  preplanning  the  time  of  found- 
ation placement  so  as  to  allow  time  for  refreezlng  of  piles 
before  the  superstructure  Is  erected.    Construction  schedules 
were  rarely  disrupted  by  pile  foundations  not  being  ready  for 
loading. 

The  selection  and  use  of  piles  as  the  most  suitable  found- 
ation type  for  the  majority  of  the  buildings  and  facilities 
erected  at  Inuvik  has  been  Justified.   Observations  are  con- 
tinuing to  assess  their  long  term  performance. 
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DESCRIPTION  AND  CLASSIFiCATION  OF  FROZEN  SOILS 

K.  A.  UNEtX  and  C.  W.  MPLAR,  U.  8.  Araqr  Gold  Raglans  Raaaarob  and  Snglnaarlng  Lakoraloiy. 


When  the  Unified  Soil  Classification  flyateai  Ul  la  axtanded 
to  elasalfleatlon  of  fiosen  soils,  special  axpanalon  of  the 
system  la  required  In  order  to  meet  engineering  and  aetantlfic 
needs  for  adequate  and  eonelia  Idanllfloatlon  of  the  natarlals. 
Identification  of  sea  tonally  ftoaan  soil  or  permatrost  aooordlng 
to  atruetural  divisions  caused  by  baaxlng  and  ttiawlnff  aaeb  as 
"auptapaiaiafrost"  or  "annnal  frost  some."  llluatiated  in  Fig.  1 . 
prawdes  no  infbrsiatlon  en  those  factors  of  appaaianee  and 
pliyalcal  piopartles  that  are  easentlal  guidaa  ta  the  nature  and 
behavior  of  the  aiatsflala  in  the  fteaen  state  and  to  die  ehangas 
that  may  eoeur  on  thaMno.  Alao.  atieh  ladantlfloatlon  la  not 
appileabi*  to  speeloMna  £rosen  In  the  lahotatoiy.  lhamfora, 
a  ftoasn  soil  daacrlptton  and  classineatlen  system  Indapendeni 
of  flw  geoiogle  hlaloiy  or  node  of  origin  of  the  material  la 
needed.  This  ayaian  ahauld  alao  be  flexlUa  enough  to  pio- 
vlda  any  daalxad  dagma  of  detail.  Staeh  a  system  is  daserlbad. 

The  syatam  can  be  uaed  with  any  types  of  samples  that 
shew  the  nstural  alruetum  of  the  material,  such  as  spacdmans 
racoverad  tan  drill  bolaa  or  teat  pits,  or  taaen  In  the 
laboratory.  It  ntay  aooMttlsiaa  be  found  that  a  slightly  dif- 
ferent classification  will  be  aaalgnad  If  the  material  is 
Inspected  in  full  face  In  a  teat  pit  than  whan  a  small  sample 
removed  from  the  same  location  la  uaed.  but  this  will 
flenarally  have  little  practical  significance. 


PCATURBS  OF  THE  CtASStFICAHON  SlfSTEM 

Ibe  system  for  describing  and  elaaalfying  bosan  soil  la  ahown 
in  Pig.  2.  Aa  Indicated  In  the  first  column  of  Fig.  2,  the 
ftoaan  soil  Is  Identified  In  three  steps  denoted  aa  Parts  I,  n. 
and  m.  Under  Port  I  the  aoU  phase  is  Ideoutled  indapandantly 
of  tha  boson  sute;  tiie  Unified  SMI  Classifleatian  System  la 
uaad,  a  aumstary  of  whldi  la  ahown  in  Pig.  3.  Undar  Part  II, 
tha  soil  ctiazaetenstica  resulting  ftom  the  ftoaan  stete  of  tha 
materiel  ere  added  to  the  eoll  description.  Undar  Part  in 
important  ice  strata  found  In  the  soil  are  descrlbsd. 


Malor  Groups 

As  shown  in  columns  (2)  and  (3)  of  Fig.  2,  under  Part  II, 
frozen  soils  arc  divi  Irj  irto  r*vo  major  groups:  Soils  in  which 
segregated  ico  Is  rwi  viatblf  to  the  unaided  eye  (designition 
N)  ,  and  soils  in  which  si^gt  ■  j  iti'Li  n  e  a  visible  (design.iUon 
V) .    Since,  ?i3  will  be  descriDcd  oolow,  ice  layers  exceeding 
1  In.  in  thicltne.ss  are  identified  separatfly,  the  Utter  mijor 
grouping  is  nppliod  only  to  soil  containmy  ico  l^jyois  1  m. 
or  less  in  thlcknos.s. 

Frozen  soils  ir.  thi;  N  group  will  commonly,  on  Instioction 
by  the  unaided  eye.  rovtjol  the  pre.sence  of  ice  within  the 
soil  voids  by  crystalline  reflections  or  by  ,i  sheen  on  fractured 
or  ti;nrH-i  .uiMces;  however,  the  appearance  is  given  that 
ihr  v.'  >tiT  lin-^  !rczi».->.  Within  the  original  voids  in  the  soil,  with- 
out -ji-yrcv  iti;::- .    l  ioien  soils  in  the  V  group  give  the  opposite 
impressior,,  ar.ri  S'Sitt^^W'ti  Ice  is  visible  not  merely  as  pin- 
point crystalline  rcfiecii:::i';  ot  a  diffuse  sheen  but  OS  separata 

ice  inclusion.i  of  measurable  dimensions. 

Ftoaan  Soils  to  which  Segregated  Ice  >s  not  Visible 

As  Shown  in  eohmna  t4}  and  (S)  of  Pig.  2,  matailals  in  which 
aagregatad  lea  la  not  vlalHa  to  the  tmaidad  eye  are  divided 
Into  t«>0  types: 

Nf  Cfriablel  -This  la  poorly  banded  or  ftlabla  malarial 
in  which  segregated  ice  is  not  visible  lo  the  inaMad  eye. 
This  condition  exists  when  the  degree  of  aaturailon  is  low. 
This  type  of  frozen  soil  is  illustrated  In  ttw  Knuar  portlona  of 
photographs  1  and  2  of  Fig .  4 , 

Nb  (bonded) -This  is  well  bonded  ftesea  soil  In  which  the 
Ice  cements  the  material  Into  a  hafd  aolld  maaa,  bnt  segre- 
gated ice  Is  not  vlBllde  to  the  unaided  eye.  Soils  ahowlng 
this  characteristic  are  at  a  moderate  to  hi^  degree  of  satura- 
tion. Whan  at  high  dafliaa  of  saturation,  they  stay  or  may  not 
conuin  substantial  quantities  of  stfcioaooptc  segregated  Ice. 
On  the  basis  of  datalled  examinations  and  teats  thla  aubgvoup 
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Fig.  1.  Illustration  Of  fioEan  aolt  tennlnologiy 


iMy  IM  furthoi  dhridad  into      tollowiim  ttdWRMgertas: 
Who  (without  mxcem*  Ice)— Wo  ragravstad  les  ts  praaenti 

either  visible  to  the  unaided  eye  or  mlcioteople.  Ilils  type 
of  frozen  soil  is  illustrotisd  Ir  photogr.ifjhs  1  and  3»  FlO.  4. 

Nbe  (comams  excess  >ce,  microscopic)  —  IhiJ  OOndlUOO 
nay  occur  in  vary  Una  ailty  sands  or  ooaraa  allta  whara 
axeaaa  ioa  is  present  but  is  so  uniformly  distributed  that  it  la 
not  readily  apparent  to  the  unaided  eye.  Appreciable  settle- 
ment nay  occur  in  such  soils  upon  thawing.  This  type  of 
fro  sen  aoiil  is  tllustratad  in  photograph  4,  Fig.  4. 

TrOTcn  Soils  in  which  Ice  is  Visible 

The  soils  In  which  significant  segregated  lea  is  visible  to  the 
vnaldad  aye  (daalgnatlen  V)  are  divided  into  tha  following 
four  sufagioapa.  airanged  appnxtmataly  in  sequence  of 
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increasing  ice  content  as  ecamnly  encoumatad:  V»  (indlvld- 
ual  ice  ciyttali  or  incluslcnd ,  Vc  (loe  oOBtlnpa  on  peitictoil , 
Vr  (tandosi  or  intagularly  orleirted  loe  famiation^ .  and  Vs 
(strattftad  or  distinctly  oriented  ice  fonnatlons) .  The  Vc  type 
of  iiOBan  soil  is  shown  in  photograph  S.  Pig.  4;  Vr  types  of 
ftoaen  soils  are  illustrated  in  photographs  6  and  7,  fig.  S, 
and  Vt  types  in  photographs  8,9,  and  10,  rig.  S. 

Description  of  Substantial  Ice  Strata 

Refemrtg  to  columns  (2)  and  (3)  o(  Pig.  2,  under  Part  HI.  aul^ 
Stantial  ice  strata  greater  than  1  in.  in  thickness  arc  desig- 
nated separately  as  ICE.  As  shown  in  columns  (4)  and  (5) ,  the 
idantiflcation  may  fall  into  either  of  tha  following  two  broad 
categories:  ICC  plus  Soil  Type  (ice  with  soil  inclusloiu)  and 
ICS  (ice  without  soil  litclusions) . 
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laterial 


froiM  fill*  9IIT,  T«» 

_C>*M<ric«l<9fi:  Ml.  Ibn 

ktloa  rorliMi  fntklt. 
ClMi.fiotiM:  ML.  If 


^olOfrapli  2 

Iwi*!  in  lop  port  I  OA 
fon»4  froa  aoiaUr* 
4raMt  froa  b«l«B. 

_ei«»ii f iMtiOT:  a. 

lottoa  MrtiM  mt4twm 
hen4»t  wd  MaMfttI 

CU««<  r<catioA:  CL,  If 


•  lit,  SMO.  M*1NtOA««4. 


SCA.  f  IN  INCHES 


frail,  fina  SMO.  Mall- 
kaadM.  kl|k  »mtrm  >f 


aaltirai  loA. 
Claaai  ricatian: 


».  Ik* 


Pli«t»|r«pk  I 

^rei**,  clayar  aaXy 
U*m  aitk  lea  coatlai* 
en  Auaarowt  ttonaa. 
Claaalficatien:  Ot-QC.  ft 


Tig.  4.   Frozen  toil  typ«a 


flwt»(ra»<i  t 

Froxan,  clayajr,  iravaUjr 
•MO  altk  caaiiilarakla 
Irrafalar  ica  aaaraiatloft. 
CUMtflMtlw:  m.  Vr 


Uppar  Partloa:  FrstM 
claxar  SILT  altti 
oeeaaional  atonai. 
Claaai f icatian:  ML-CL, 
Lct»r  fortloa:  ICE, 
Irrafular.  »t  to  2- 
inckaa  thick, 
c«atalnla|  aaa*  allt 
tficliiaiMi. 


Ifr 


FkotofraHt  B 
Frsiaa  laaii  OAT  altk 
atr«tiri«4  lea  laaaat. 
CUaairicatiaa:  a-«l.  Va 


Fke(»(ra#k  f 

FroiOT  lean  CLAT  altk 
•tratifla^  Ica  lanaaa. 
Claaalficatioa:  a.  Va 


SCALE  IN  INCHES 


Pliotoorayk  10 

Upttr  fartlen:  Froian 
allty  OAT.  altk 
atratifla4  ica  laaaaa. 
Claaaif Icatlaa:  a.  V* 
Leaar  Fartlana:  ICE 
aitk  nv»»nm*  clu 
laclaaiaaa.  ITetal  Ic* 
velaM  ap^rei.  I7fl. 


Fig.  S.   Frozen  soil  types 


Identificauon  and  DescrlpUon 

Field  IdenUflcatlon  guidance  Is  presented  in  column  (6)  of 
Fig.  2.   In  addition  to  determinAtlon  of  major  group  and  sub- 
group in  accordance  with  columns  (2)  through  (S)  of  Fig.  2, 
additional  descriptive  terms  and  data  may  be  used  as  indi- 
cated.  Some  of  the  soils  found  In  permafrost  regions  may 
also  be  descrlt>ed  In  exploration  logs  by  special  terms  (such 
as  "muskeg")  for  addiuonal  clarification. 


When  more  than  one  subgroup  characteristic  is  present  in 
the  same  material,  multiple  subgroup  designations  may  be 
used,  as  Vs.r.    Photograph  2,  Fig.  4.  shows  an  example  of 
frozen  soil  of  the  latter  type. 

When  more  detail  and  specific  information  Is  desired  than 
from  visual  inspection,  frozen  soil  can  be  tested  and  proper- 
ties measured  as  indicated  in  column  (7)  of  Fig.  2.  A  camera, 
a  small- power  hand  magnifying  lens,  and  graduated  Jars 
should  be  standard  items  of  field  equipment  for  soil  and  survey 
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crews.    To  obtain  n  rough  esiirr.it.-  of  tr,.-  po^^,lb^e  presence 
of  excess  ice,  n  5!n:p>  fir»|fi  wi-X  r.ui  t.<j  made  by  placing  a 
lump  of  frozen  soil  :r.  j  jar.  jllrv/inij  it  to  melt,  and  observllIB 
the  relative  voJurne  of  supernatant  or  free  water  standing 
above  the  soil  uti-r  the  lump  has  melted.    By  initially  testing 
on  spaclmens  of  known  ic«  content,  a  basis  for  field  judge* 
■wnt  can  be  estabUshsd.  ttnc6  proportions  of  ice  and  soli 
may  vary  widely,  it  may  aometlmea  fay  difficult  to  decide  with- 
out suoh  a  test  whether  a  given  material  (alls,  for  exampi** 
In  the  category  of  (recen  aoil  or  of  lea  with  soil  inclusions. 
Material  containing  aa  much  as  W%  Im  by  volume  and  only 
20K  soil  can  sometlmea  give  the  appearance  of  being  mostly 
■oil.  When  more  exact  evaluation  of  presence  of  excess  leo 
la  requtred,  spaelnaM  may  taa  thawed  In  tha  laboratory  in 
contolMooMlaK  or  mfabor  manbranai.  or  material  may  ba 
thawad  in  plaoa  In  tha  field. 

Only  needed  ponlona  of  tha  detail  and  daaciliillva  material 
outlined  In  oolumns  (4}  thioiigh  (7)  of  Fl«.  2  aheuld  be  aged, 
tn  maJV  of  til*  aim|il«T  englnaarlnB  aiipllcatlons,  oaiy  a  law 
of  the  moat  Important  elementa  need  be  reoordad.  For  maiqr 
imraatlgatieat  It  will  ba  found  aattateelory  le  use  tha  Nb 
daaignatlon  without  breakdown  Into  Kbn  or  Nba  eatagoitas, 
or  It  might  even  be  sufficient  to  uae  only  the  K  and  V  major 
gioiip  designations,  to  Indleate  vdwltaer  or  not  segregated  lee 
Is  visible.  On  the  other  band.  In  many  aclantlfle  studlss 
veiy  detailed  leeonls  may  be  necessary. 

Thaw  Characteristics 

For  engineering  purposes,  it  is  very  important  to  know  whether 
significant  settlement  will  take  place  upon  thawing  of  the 
frozen  soil.    t(  the  amount  of  icc  present  will  produce  more 
water  upon  melting  than  can  be  held  in  the  voids  of  the  soil, 
then  It  Is  thaw- unstable  material  to  a  degree  dependent  on 
amount  of  excess  ice  and  soli  density.    If  all  the  melt  water 
can  be  absorbed  by  the  soil  voids  without  significant  settle- 
mcnt,  then  It  can  be  considered  thaw- stable  eoll.  Columns 
(8)  and  (9)  of  Fig.  2  present  guides  for  construction  on  soils 
subject  to  freezing  and  thawing.    The  thaw  characteristics 
shown  In  column  (8)  are  particularly  significant.   Nf  and  Nbn 
are  usually  thaw- stable  soils:  that  is,  cto  detrimental  settle- 
ment of  struetutaa  would  rarmally  be  anticipated  if  thawing 
occurred.  All  other  subgroups  are  potentially  thaw- unstable 
soils,  and  algnifleant  settlement  of  structures  founded  on 
them  may  occur. 

Frosen  openwork  gravel  is  a  special  type  of  material  whiidi 
often  proves  difficult  to  evaluate  as  to  its  thaw- settlement 
potential.  Although  substantial  amounts  of  pure  lee  «re 
apparent  Ui  the  ifolds  of  suoh  niataftsl«  sufUeteiit  point  eon- 
taeta  between  pertleles  may  eidst  to  llsut  eettlesiant  on  thaw 
to  minor  emounu.  In  ctltlcel  eeaes,  field  lhaw-settleaient 
tests,  using  loaded  plates  and  steen  thawing,  aiay  be 
neoessaiy. 

Frozen  bedrook  does  not  always  provide  a  thaw-ssfe  found- 
ation. Ihetefore.  when  bedrock  Is  eneountwed  In  subfeeestng 
temperatures,  careful  observetiens  should  be  made  lo  detsf- 
mine  the  Quantity  and  mode  of  oocunenee  of  all  lee  forsiallens 
In  bedding  idanes.  Ussvses,  or  other  spaoes. 


ICS  OR  WA1BR  CONTDiT  OF  FIKKBN  SKTURATED  SOILS 

In  eoaaldaratlmis  Involving  &«»en  eella.  the  generally  pre- 
velUng  conditions  Include  oomplete  saturation  of  the  soli 
phase  and  all  of  the  water  lioian.  For  these  conditions,  and 
assuadng  a  speelfle  gravity  of  the  soil  particles  of  2.70,  the 
reletlenshlpa  bstween  the  unit  Ay  weight  of  sell,  water  oon- 
tent,  end  Ice  volume  are  shown  In  Fig.  6.  This  dbart  stay  be 
usad  fay  dealgnera  or  field  engineers  liar  rapid  eatlmathMi  of 
the  relationships  between  these  variables.  Use  of  the  chert 
la  indleeted  by  the  foUowlag  example  and  illustrated  by  lines 
and  enowe  on  Fig.  6,  Aasuae  a  specimen  of  froeen  silt  with 
exeeee  lee  eettawted  at  appsoximately  60%.  Based  en  the 
appeaianee  of  the  sUt  layers  In  the  core,  It  Is  estimated  that 
the  namal  dry  unit  weight  of  the  silt  is  fairly  high,  say  K  pef. 
The  etaait  la  than  entered  et  9S  pef  on  the  left  and  a  hedseeAal 
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lifM  is  extended  to  the  intersection  of  th*  slolMnff  60%  excess 
ice  line.  The  total  porosity  (n)  which  in  this  case  equals  th* 
proportion  of  ice  volume  of  the  total  specimen,  ts  then 
ebaoivad  on  the  scale  at  the  bottom  of  the  plot  (77%) .  Thtt 
Intersection  of  the  vaitical  line  (77%  porosity)  «rith  the  100% 
saturation  line  indieatas  on  the  left  side  scale  the  equivalent 
ovar-all  dry  unit  weight  of  the  frozen  specimen,  i.e. , 
3S  pcf.  Tlw  cum  In  Fia*  *  mifcad  "FMeant  VMuim  of  Im 
vs  Watar  OMiMm"  Aom  Dm  ralatfeaihlp  btufaii  w«,ttr 
contant  af  a  bocan  spai^an  and  total  voluiaa  of  lea  «r 
poiotlty  M*  Par  •  poioalty  of  77%  in  tha  atava  axaaipla.  Hw 
water  content  indicated  by  tha  right  aide  leate  wouM  be 
apipiOMliiiataly  114%. 

GMPHIOa.  PRBSEMTKnON  OF  SOUS  DKtk 

It  1  i  cuatonaiy  la  praaant  0ia  raaiilta  of  ioUa  aaqilontlana  on 
dnmringa  aa  adMMtle  MpmaantattOM  of  tho  taringa  or  Mat 
pltai  vatleua  laUa  ai*  ahown  by  apptopilata  aynbolt>  Iha 
raooauaamlad  pmoodm  for  gra^leal  pnaantatlon  of  frecMi 
aoU  etotalHeatlon  oonalata  of  ahowlnv  tha  appUoaUla  totter 
aymbolB  (or  tha  soU  pbase  in  aeoordanca  with  the  Unified  SoU 
Claaalfieatien  flyatan  tar  unftoMn  aotla,  tollowad  fcy  tfta 
firoaan  soli  dasignatlon  (Pig.  7).  For  raadlly  tdandfylJig  Iba 
beaan  aoU  aonoa.  a  wlda  Una  la  dniw&  dnm  tlia  toft  tUm  of 
tiia  graphic  log  of  tiia  oxploratlon  within  tha  rangaa  that  tha 


Mean  ■aterlala  occur. 
RBFBRBNOB 

[1]  V.8.  Itay  Wataiwaya  Sxpaiunant  Stauon.  "Tha  Unlflod 
Sou  Claaalflcatlan  ftratam."  llach.  Maai.  Wo.  3-3S7.  Vol.  1 
and  Appandixaa  A  and  B.  Marah  19S9  bwtaad  AprU  1969 . 
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THE  LONG  THERMOPILE 


E.  L.  LONG,  Alaska  Corps  of  engineers 


Iha  long  thermopile  ts  a  seasonal  self-refrlgerating  foundatloa 
auppoft  or  anchor  with  o  high  conductivity  of  heat  out  Of  tha 
ground  and  a  high  resistance  to  heat  flow  Into  the  ground. 
Whan  piDparly  uaad,  the  Long  thermopile  will  maintain  a 
pamanonlly  boaan  aoU  condltton  near  tha  pita. 

Iha  thamoplto  dapmids  on  rapid  withdrawal  of  haat  fiom  a 
iewdatlen  araa  during  parloda  of  batow  boaalng  waathar  by 
vaporisation- condensation  cycling.  A  tbennal  inversion  pre- 
vents vaporiaatlOB  of  tho  charging  Uquld  wbonawar  the  oolunn 
or  oondanaatlon  area  becomes  warmer  than  the  Uqutd  contain- 
ing portton  of  tha  ptla. 

AOVANIftSES 

Tha  graataat  advantage  In  using  a  thamopUo  tor  a  foundation 
la  to  pravant  dagradatton  of  doaon  aoU  that  haa  a  tow  dhnan- 
alonal  6«aaa-ihaw  ataUUly  or  haa  an  unaatlBfactocy  baarlng 
capacity  In  tha  thawad  condition.  Fllaa  at*  daalgnad  to  pro- 
vlda  additional  rafrlgantton  individually  or  tha  auparcoellng 
nocaaaaiy  to  pravant  pamafioat  dagndattoo. 

InentuMUd  haarlng  can  ha  oMalmd  tqr  aufnlalnlng  bOMo 
aoU  at  Ummr  taaiparatMoa.  Taytcvldi  and  Suagln  C  ll , 
Taytovlch  [  2] ,  XboailebavakalatS] ,  Karaton  and  Gok  [4l ,  and 
Ftoat  Sffaela  laboratory  tS]  ganarally  iliow  eonpnaalva 
stvangth  gains  of  2  to  7  tona/aq  ft  tor  each  Fahranhait  dagraa 
of  radtietion  in  temparatura.  Creep  affect  will  reduce  to  some 
dagraa  the  long  term  strength  gain  bom  reduced  temperatures 

Cs). 

"FiDst  lackiftg"  of  piles  can  ba  altmlnaUd  without  requiring 
daap  foundations.  Tha  portton  of  the  pile  column  in  the  active 
ftost  layer  acts  as  a  certdensatlon  area  warming  the  ad>oinlng 
soil  (Fig.  3)  and,  In  a  permeable  material,  actu;>lly  causes  tha 
moisture  to  move  away  from  the  column  toward  tho  colder 
adjoining  frost.  ■A'i'nkoning  tin;  jcifreeze  bonil  .it  th.it  point. 
Soil  fieeilng  ajso  ocrura  raduilly  from  the  pile  Surlace  leaving 
no  expanding  soils  o  J;.3ccnt  to  th>-  pipe  coluflHi  ahoitly  afiar 
the  start  of  the  wintor  scjsor.  (Tig.  fc) . 

Changes  m  elevation  arc  ger.ornlly  hmited  to  thermal  ex- 
pansion and  contraction  of  the  pile  or  soil.   In  fine-grained 
clay  aoUs.  snail  ■ovananits  can  lesult  bom  batow  32"F 


9^^  CH*liaiM«  •  LlOillO  LKVIL  WAlVf 
"=^="^^J»— 1»"  SI*.  1»  »L*tI 


Fig*  1.  Long  thaniopUe  at  AiHom.  Alaska 
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tenparature  ehango  coualng  •  variation  In  th«  quBMlty  of  un- 
ftoMH  wstor  in  tho  gonomlly  fnxun  Mil.  Ih*  gnstfttt 
tublUty  ia  oblalmd  at  tha  lewaat  ptaeUeal  pamMfkmt 
tamparatura. 

EnsnwG  iNsmuAnoiNs 

Pllaa  oonatnietad  to  data  hava  variad  from  2  in.  plpa,  with 
firlettonal  baailng,  to  thraa  plpa  elustars  of  12  In.  plpa 
attat^ad  to  and  banring  on  a  3  In.  tudt.  S  ft  aqiiata  baaa 
plata.  Oondanaatton  aneas  on  thermopiles  have  been  provided 
by  tha  exposed  portion  of  the  piles  and  by  connected  finned 
ndlation.  MoM  tnttallatlonc  in  iMrgtnai  permairost  area* 
era  aiora  aoononleal  whan  daalaned  tor  and  bearing .  lhay 
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than  allailnata  tha  naad  ibr  aaparata  i»fii9«atlen  of  tha  pUea 
whan  oonatnietad  below  tha  top  of  permafrost  In  above  fNoslng 
weather.  Fnpana  has  been  tha  charging  liquid.  Eeononloal 
and  raadlly  avallaUa,  this  rafrlgatant  can  operate  efficiently 
In  the  raqulied  range  of  32*  to  -60*r  with  aiBClmum  pressuna 
of  l«aa  than  60  pal.  Exoass  ohatglng  liquid  haa  been  die- 
diaived  to  tha  atmosphere  from  sen*  inatallatiena  to  affect 
freostng  prior  to  the  first  winter  aaaaon^  Iho  gas  is  burned 
as  It  is  dlsdMigad.  The  propane  can  also  ba  cycled  as  a 
nonaal  lafnganM  to  stabillaa  Motion  pllaa  rapidly  In  warm 
weatiier  In  order  to  aooelerate  construi^on. 

Pile  Installations  using  end  bearing  have  been  constructed 
entirely  of  steel  as  well  a*  of  concrete  or  Umber  attached  to 
tha  bettooi  faea  of  steal  eolusin  and  plates. 
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Pis.  6.  Soil  laothmi  of  15  Oct.  1981  Flp.  7.  8011  laoOMms  of  8  Juiw  1962 
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Tig.  8.  Aurora  test  pU»  af  OianiiDpUs  bast  loaa  varaua  tanparatura 


The  Aurora  and  Glannallan  eommuni cation  sites  oonstnicted 
by  tha  Corps  of  Englnaara  in  1960  used  the  Long  thermopile 
(Of  tower,  wave  guide,  and  building  foundations  as  the  most 
premising  foundation  for  the  soil  conditions  encountered. 
This  thermopile  was  used  with  the  linowledge  thnt.  i(  the 
amount  of  cooling  was  inadoq-jate .  the  natural  vapor  method 
could  be  converted  to  a  relrlgeratlon  cycU-  by  adduxg  rofrlgor- 
dtlon  units  without  altcrirts  th<-  con^tructod  foundations.  All 
(oundrttlons  were  satisfactory  except  one  tower  looting  located 
within  -'U  ;t  '}'.  a  buried  uninsulated  stcax  manhole-    Two  of 
the  three  it  m.  columns  acting  as  thermopiles  continued  oper- 
ating while  the  th:rd  was  purged  of  propane  and  modified  to  a 
Freon  refngeratton  cycle  to  provide  the  additional  cooling 
requJfiad  at  that  ioeatien.  Tha  building  feundatloni  at  Aureia 


wwa  scheduled  to  be  nonihermopile  insialladont  with  provl- 
•ipns  for  converting  if  necessary.  Tha  discovery,  however, 
of  a  thawed  aquifer  13  ft  below  ground  surface,  with  a  water 
temperature  of  34*r,  dictated  that  all  piles  lie  converted  to 
thermopile  design.  The  footing  area  has  remained  frozen  since 
tha  winiar  of  1961- 1962  with  no  noUoaabia  buUdlng  movamant' 

THERMAL  ANALYSIS 

A  test  pile  constructed  by  the  Alaska  Dlstriei  Corps  of  Engi- 
neers in  February  1960  and  installed  at  Aurora  is  used  here 
to  analyze  the  heat  flow  tc  rmd  frcrn  a  thermopile.    Fig.  1  is 
a  sketch  of  the  Aurora  test  pile  with  a  log  of  the  nearest  test 
int.  Pig.  2  itawt  tha  aoil  Isottwnas  and  direction  of  heal 
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flow  inmadiately  after  installation  and  activauon  of  the 
themopile    The  fomuJA  (or  MSlsMno*  diM  lo  cylindrtcal  hcai 
(low  Is  used;  thvrmji  eenductlvlty  Of  bOMn.  aandy.  clay«y 
9rav«l  it  2.0  [6]. 


2irlCN 


(U 


Tho  thormal  oonduetlvity  o(  the  baekttlM  diy  sand,  gravol, 
and  oompoctad  tmztn  ehwikt  of  tha  aiieavatad  natartal  was 
appexlmatsly  0.78,  which  ia  ■  (Msenabla  vaJua.  Imranl 
haat  flow  was  439  Btu/hour  plus  34  Btu/hoiir  cbsnge  In  sp«« 
dde  heat  eontent<  Pig,  3  shows  tha  eontfnuation  o(  tha 
oooUng  pioeass  balow  ground  laval  at  34"  F  (air  tamparatuni . 

Tha  sou  isethams  of  Pifl.  4,11  months  aftar  tha  original 
Installation,  show  a  lowar  tanpafatura  gradient  in  tta  bade 
flUad  soils  and  a  higher  tentperature  gradient  in  the  situ 
soils.  Comparison  with  Fig.  2  shows  that  nolstuie  contents 
of  the  baefcftU  would  have  to  Ineraase  while  the  In-plaee  soil 
Riolsture  decreased.  Adjusted  conductivities  tor  uallbm  (low 
give  a  K  of  2.  S  for  the  taackflll  and  0. 8S  for  the  ig  eitu 
material  between  the  two  outer  thermeeeuple  strings.  Heat 
flow  was  datannlned  fiom 


.  AT 

9  --jT 


(2) 


with  AT  balnp  tha  tamperatura  acmas  the  soil  layers  analysed 
ngs.  $  and  7  on  June  of  I96l  and  1962.  respecUvely.  show 
the  host  flow  Into  the  around  through  the  steel  shell  of  the 
themoplle.  The  heat  flow  was  apprOKlmately  10  Btu/hour.  A 
separate  determination  for  1 1  May  1963  gave  7  Btu/hour  at 
46^P  (air  temperature) .  rig.  6  shows  the  soil  isotbenis  and 
direction  of  heat  flow  prior  to  rc'roozing  o!  thu  active  toil 
layer.  The  heat  flew  detennl nations  <sre  plotted  against 
ambient  air  temperatures  in  Fig.  8  with  envelope  and  mean 
line  curves.   Heat  conduction  from  the  soil  In  winter  is 
approxin  tt-- J  is 

q      9.T'Hlib-T)  (3) 

Heat  conduction  to  the  soil  in  summer  is  approxicMted  by 
q*0.02(T*32l  (41 

Temperatures  tron  copper-constantan  thermocouples  were 
calculated  to  O-Ol^r  lor  determinaUon  of  isotherm  locations. 

Mean  teeiparetma  Cf)  based  on  Gulkana  Airport  weather 
are  as  follows: 


Av. 

No.  Days  Above 

Tenp. 

or  Below  32" r 

Winter  '60-61 

8.0 

1  86  boiow 

Summer  '61 

48.5 

I V  3  above 

winter  '61-62 

2.8 

18S  below 

Summer  '62 

47.  3 

193  above 

Winter  '62-63 

9.S 

193  below 

Using  empirlcel  equations  (9  and  (4)  and  the  above  weather 
data,  the  following  (Bti4  is  obHaiitadc 


•60 

Winter 

'60-61 

■'61 

Winter 

'61-62 

•62 

Winter 

'62-63 

Heat  toss 

•   *   •  e 

1.31  X  10* 
1.43'x  10^ 


1.29  X 10^ 
1.34x106 


Heat  Gain 
1.43x103 

uWk  1o3 

i.27'x  103 

1.33 X 103 


pile  units  due  to  their  varying  exposure  to  the  sun  and  to  their 
location  under  a  structure. 

Ground  temperatures  obtained  at  the  bete  of  the  thermopile 
units  am  controlled  by  the  surrounding  soil  t<imp«rature, 
amount  of  beat  withdrawn  by  each  thermovalvc  unit,  number 
end  spacing  of  the  thermovalve  units,  and  soil  conductivity. 
During  s  wanii  winter  or  one  of  high  snow  cover,  general  soil 
lempenture  will  rlsei  during  winters  of  low  snow  cover  or 
lower  than  nensal  teaiqwratures  sou  temperature  win  fall. 
The  cooler  temperatures  naintalned  under  a  theimoplle- 
supportcd  building  will  permit  lower  tempsraturss  than  the 
same  number  and  capacity  of  thermopile  units  suppoitlna 
enlennas  or  other  structures  thet  do  not  shade  the  groynd. 
Thermopile  units  Installed  to  date  have  shown  reduction  In 
ground  tempenture  fiem  l"  to  5. 3° P  when  measured  during 
eontlnuously  thawing  weather  with  air  teaiperatuies  in  excess 
o(46"r. 

SURFACE  EMISSmTY  AND  CONVECTION  HEAT  LOSSES 

l-'.ili-.l.itf  I  h.Mt  loss  of  the  Aurora  test  pile  I  .-i-v.!  or  r«;unin 
trnf  i  roturc  is  Irom  l.I  to  1.2  Btj   IhourXsq  ft)iAT).  Test 
column  surfnce  coating  Is  one  brush  coat  of  white  lead  paint. 

Djta  obtiunod  by  the  author  based  on  emlsslvlty  of  water- 
flUed  tin  cms  (prunted  white  .md  having  in.'iulatod  bsses  snd 

caps)  showed  he.it  los$i>s  ol  1.6  to  2.0  Btu/lhouri(sq  fdlAO  At 
temperatuK--;  r.-irvgutg  from  -4"  to  -^'T  and  with  test  units 
located  10  it  Irom  a  heated  insulated  house. 

A  pipe  S  ft  long  and  2  in.  in  dla.  (24  fins,  each  4.25  in. 
by  4. 2S  In.  per  foot  of  pipe,  sprayed  with  one  coat  of  tltaniuB 
palni)  gave  a  heat  loss  of  1.2  Btu/thouKsq  fl)(AT)  at  19*F 
with  no  Bieasurahle  air  siovament. 

All  service  installations  of  the  thermopile  eonatnieted  in 
1960  and  1961  were  painted  with  a  6  mil  mln  thickness  of 
white  leed  paint  while  more  reoent  Installations  have  required 
a  titanium  oxide  formulation. 

Thermopile  units  et  Glennallen  ACS  Station  Boiler  Plant 
were  unpelnted  during  the  period  ibr  which  tests  results  of 
Fig.  9  were  obtained. 

THERMOPILE  OPERATING  PRESSURES 

All  themoplle  units  operate  at  constant  volusw.  The  test  pile 
used  e  felrly  purs  commercial  propane.  Measured  pressures 
of  33. 1  to  SO.  6  psl  have  been  roeofdsd.  This  wlU  compere  to 
46. 8  to  64. 3  psl  et  the  site  eievetion  of  1884  ft.  The  last 
pile  has  operated  through  all  cold  weather  since  its  initial 
installetton. 

Sevml  wave  guide  and  building  thermopile  supports  hswa 
lost  their  charge  through  leaky  fittings.  Cerrecuon  e(  the 

wmmmnm  Mas 
act  smtNe  ■wi.te  stMir 


Ratio  of  haat  outflow  to  heat  inflow  flvtMigh  thermopile 
equals  lOOO.  Yearly  net  heat  outfhMr  (l .  34  x  10'/I8  sq  ti 
OQUsls  47,S00  Btu/sq  ft  of  exposed  surfsoe. 

Pig.  8  prtseitts  footing  hese  plate  temperaturee  of  theinn- 
pile  units  under  the  Glennsllen.  Alaska,  Ortmmunlcatlon  Qystem 
(ACA  StaUon  Boiler  Plant.  The  temperature  obtetned  can  serve 
as  a  guide  far  greater  redneaiem  In  the  slslng  of  future  thermo- 


Pig.  9.  Foundation  plan  of  ACS  statlan  boiler  plant  at  Glennallen 
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fitting  has  remedied  the  problem  m  each  c^jc.    The  icisj  o'. 
propar^e  through  lealt^ige  does  provide  additional  temporary 
cooling.    Leaks  that  occur  are  too  small  to  provide  a  hazard. 
The  ven(iiri!'>o  ;ypc  of  raised  structure  oondgureUot)  us«4  in 
f-crmottos'  t  >  k  ii  jtinn  design  prevents  any  aeeumilation of 

gjsos  ncjr  Iho  structure. 

All  thermopile  units  using  liqjlfied  petroleum  products  are 
cor..structed  to  meet  lh'>  it  ir.djrds  of  the  National  Board  of  Fire 
frtdcrwriturs  tor  tht  ixor  mjv  and  Handling  of  Liquified  Potro- 
leum  GaSBS  and  the  ASME  Boiler  ar>d  Pressure  Vessel  Code  for 
Unfired  Pressure  Vessels.  Ml  installations  are  required  to  be 
testml  along  all  )olnts.  fittings,  and  valves  with  a  soap  soiu- 
uon  to  detect  any  leak. 

Several  Inatallatlona  have  used  a  oominerclal  grade  of 
pfopane  that  gave  approximately  S  to  8  psl  greater  pressure 
tor  a  given  tenporatura  than  that  shown  in  Fig.  10.  Although 
purging  of  the  units  wit)  get  rid  of  air  and  some  of  tlw  eon* 
tamiitatlng  gat,  it  eannot  aU  ba  •llmlnatad.  Raeant  Imtatla- 
tlon  restricts  the  uae  of  propane.  Which  does  not  check  within 
1 1  pal  of  tiiat  ahown  In  Fig.  lO,  aa  a  iMtter  aasuranm  of 
maximum  offlelwey. 

Carbon  dioxide  can  be  uaad  with  many  ether  aatarlala  in 
lieu  of  propane  aa  a  ohaiglng  fluid;  however,  the  charaeiar- 
latlea  of  propane  oomUned  wWi  ita  coat  and  avallaUUty  have 
made  It  the  prefenvd  ohaiging  fluid  to  date.  Very  ihln  abelt 
ttruetutea  eould  use  butane  to  graaiar  advantage,  while  units 
of  very  aaiall  dianMter  could  uae  eerbon  dioxide  to  greater 
advantage. 


CONCLUSIONS 

The  Aurora  thermopile  test  unit  showed  a  heat  loss  capability 
about  SOO  times  the  soil  heat  inflow  through  the  ateel  column 
tor  each  degree  Fahrenheit  dtfferenual. 

Por  the  period  ton  IS  April  I960  through  1  May  l»fi3  the 
ealeulatad  amount  of  heat  withdrawn  during  below- fraesing 
weather  la  about  1000  tinea  the  heat  inflow  during  above- 
iireealng  weather  through  dm  theimoplle  unit,  the  calculated 
yearly  net  avenge  heat  loaa  of  1.34  million  Btu  for  the  Anion 
teat  pile  unit  gives  47.  SOO  Btu/sq  ft  of  exposed  surface/yMr. 


The  unit  boat  loss  conductivity  of  the  tost  pllo  Is  about 
9. 70/t«  A  T  aq  ft  or  0. 3S  Btu/fhom)  (aq  fACAD  nvhan  AT  is 
equal  to  38  -  Tiaii) .  Iha  heat  gain  eonduetlvlty  of  tiie  test 
pile  Is  0.02  AT  Btu/hour(Al)  where  AT  la  equal  to  T(aid  -  32. 

Thermopile  uruts  have  shown  reductions  In  soil  temperature 
over  adloinlng  uncooled  areas  from  l"  to  5.3°F  when  measured 
during  conunuously  thawing  weather  with  the  eir  temperatura 

in  excess  of  4S"r. 

The  measured  operatirvj  pressure  ol  the  test  thermopile  haa 
boc-n  below  63.9  psla  orvJ  SO.  6  pslg.    The  only  operational 

maintcn.TnC'?  <i:  mjtjilrd  thcrrr.f't'ilc  jnits  hwt:-  t>c?cr  the 
correction  of  l.Tfiky  f;ttir/-;5  or  '.'.lives  niri  tJ-;e  r.;'chjri;;r,y  ot 
tho^'i  'jrinf. . 

'.Vhitt!  p.-.uii;.  I'i  ii  .shO'.v  h.gli  n;ll<;clivny       sl)ort  soloi 
waveli>ngths  'n  i  hiijh  emlsslvity  in  long  tow  temperature  wave- 
lengths should  be  used  for  maximum  unit  efficiency-  Periodic 
repainting  of  the  pile  surfaoe  would  bo  required  for  naxlmun 

efficiency. 

As  the  data  presented  ore  calculated  rathor  than  directly 
me(i5ur>?rj ,  they  could  br  in  error  by  ±  2S%.    The  primary  source 
ot  orrr  r  wojld  tv^  th-o  conductivity  of  the  soil:  this  WOUld  VOty 
the  hen;  inllo'/.-  and  .'■lent  outflow  prcpiortion.:illy. 

Use  ."inc  lU-sigti  ot  .\  Ihernopilf-  found.iiion  .JepenJf.  on  net 
heal  balance  requirements  of  the  soil  around  and  under  a 
proposed  atructnre  C'l. 
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NOTATIONS 

K        Thermal  conuuctlvity 

N        Length  of  cylinder  in  ft 

Q       Total  quantity  of  heat  transferred  (Btu) 

q        Thermal  transmission 

R        Thermal  rpslstance 

r  Radius 

Inner  rfidius 
rj  Outer  r.idui". 
T        TuinptToture  (F) 

AT    Temperature  (D  diffennos  between  two  spoolflod  points. 

lines,  or  surfaces 

REFERENCES 

II]   N.  A.  Tr,ytovich.  M.  I.  Sungm.    "The  Principles  of  the 
Mechanics  o!  Irozen  Ground.  '  Ac-jd.  ^-i.  IJ.'^SR.  Moscow. 
1937. 

t2j   N.  A.  Tsytovich.    "An  Investigation  o:  the  Elastic  and 
Plasuc  Deformation  in  frozen  Ground. "  Acad.  Scl.  USSR, 
Trans.  Comm.  Permafrost.  Vol.  10,  Moscow.  1937. 
[3]   L.  S.  lUiomlchcvskala .   "The  Compressive  Strcr^th  of 
Permafrost  ar>d  Ice  as  Found  in  Nature,"  ibid .  ,  1940, 
pp.  37-83. 

[4]  M.S.  Kersten.  A.  E.  Cox.  "Ihe  Effect  of  Tempentun  on 
the  Bearing  Value  Of  PtossR  Ootls,"  HlBhwav  Uss.  Od.  Publ. , 

Bull.  No.  40. 

Hi  Frost  Effects  Laboratory  Fiscal  Year  1951  Ropt. ,  "Investi- 
gation of  Descriptive,  Classification,  and  Strength  Properties 
of  Frozen  Soils,"  SIPRE  Rept.  No-  B.  June  1952, 
Lftl  M.  S.  Kersten.  "Laboratory  Research  for  I>etermlnatlon 
of  the  Thermal  Properues  o<  Soils,"  Corps  of  Engineers,  U.S. 
Jlmy.  6t.  Paul,  Minn. ,  lune  1940. 

C7]  "Arctle  and  Subannic  OMMlnietlon,  Calculation  Method 
for  the  Ostsmlnatlea  ot  Depdis  of  Fnase  A  Thawino  Sofia," 
BnglneertM  Manual  for  MlUtarv  Conatructlon  Mo, 
1U0.34S'37S,  1084. 


491 


inaterial 


DESIGN  OF  KELSEY  DIKES 


D.  H.  NtACDONALO,  H.  G.  Acres  and  Co.  Ltd.,  Consulting  Engineers 


The  Kelsey  Generating  Station  Is  a  hydroelectric  power  devel- 
opment situated  on  the  Nelson  River  about  42S  miles  north  of 
Winnipeg,  Manitoba.  The  station  Is  owned  by  Manitoba  Hydro, 
and  was  constructed  to  supply  power  to  The  International 
Nickel  Co.  of  Canada,  Ltd.,  at  Thompson,  Man,  (Pig,  1).  It 
was  created  at  a  site  on  the  Nelson  River  where  natural  rapids 
allowed  a  head  of  some  SO  ft  to  be  developed  by  the  construc- 
tion of  a  small  dam  and  some  low  dikes.  The  plant  Is  a  run- 
of-tho-rlvor  station  with  an  initial  installed  capacity  of 
210,000  hp  and  a  possible  ultimate  capacity  of  420,000  hp. 

The  general  arrangement  of  the  development  Is  shown  in 
rig.  2.  At  the  site,  the  northward  flowing  Nelson  River  orig- 


inally turned  to  the  east,  dropped  about  20  ft,  then  lurried 
through  160  degrees  to  flow  westward  for  almost  a  mile  before 
continuing  northward.  As  a  result,  a  small  rock -controlled 
isthmus  was  formed  through  which  the  intake  channel  was  cut 
to  the  powerhouse  located  on  its  north  side.  The  river  channel 
was  blocked  with  a  dam  of  about  120  ft  maximum  height,  adja- 
cent to  which  o  lated  sluiceway  was  constructed  in  a  large 
channel  cut  through  the  overburden  and  rock.  Closure  was 
provided  for  the  reservoir  by  dikes  constructed  at  the  low 
spots  in  the  topography. 

The  main  dam,  founded  completely  on  rock.  Is  of  the  rock- 
fUl  type,  with  an  upstream  sloping  core  built  with  the  local 


Fig.  1.  Location  of  development 
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lacustrine  clay.  Although  Us  design  and  construction  pre- 
sented some  incereating  problems,  they  were  only  remotely 
related  to  the  piTm^alrost  conditions  prevalent  In  the  arae. 
Descriptions  c'.  tho  djir.  and  dikes  and  of  tha  mtin  imjact 

are  contained  in  ^-rovicus  ti.ipers  il,  2j . 

The  Kc'lscy  dif-cs  mjy  be  cor.ver.ler.tly  divided  Into  f.Vj 
types;  Ciny  dikes  and  sand  dlKes.  The  clay  dikes  ste  tiiose 
construcied  predominantly  of  rolled  clay  (IH,  \,<^ch  <>i;  ih.- 
center  dike  and  dikes  No.  1  east  and  No.  1  -.vcsl:  they  also 
Include  the  freeboard  dikes.  Identified  as  No.  3  to  S  and 
7  to  lu  west  in  Fig.  2,  which  are  relatively  low  homogeneous 
cldy-fill  sirjcturus.  The  Sdnd  dikes,  No.  2  MM  and  No.  2 
west,  consist  completely  of  (jranular  fill. 

The  Kelsey  devclopmm  was  built  betweer^  1957  and  1960« 
Th«  haddpond  was  (ilted  In  late  Novembac  1960,  and  tha 
autlon  hai  oparaMd  eontlnuously  alnea. 

TOPOGRAPHy.  GEOLOGY  AND  mtMAFROST 

Tha  Kelsey  site  lies  within  the  geological  region  known  as  the 
Canadian  .Shield,  a  vast  area  ot  low  relief  that  has  resulted 
froTi  .J  r.^nbor  of  glo.-  i.it;cn:;  jnd  continued  erosiot; .   Tht-  rn:_-k» 
are  .Tiostly  of  igneous  or  irietainorphtc  origin,  and  these  have 
br'>     covered  by  a  variabla  aMOrtlMBt  Of  giMlBl,  gteclofluvlal, 
and  lacustrini!  deposits. 

These  condition:,  (.rovail  at  the  Ki'lji-^y  Jitu  wh^e  the  nor- 
mal river  levels  below  and  above  the  falls  were  previously  S53 
and  573  ft,  while  the  maximum  ground  elevation  in  the  vicinity 
was  63S  ft.  The  country  rock  at  the  site  is  a  grey  paragnelss 
whloh  hM  been  Intnided  by  grantie  gnetties,  saUwo  dikes  and 


sills,  and  by  minor  dikes  of  diabase,  lamprophyre,  and  pe9- 
mati'.ii .   Thi-  regional  strike  of  ih<!  cJn<•.^:^;lf:  ro:.:;-..-;  is  In  the 
onst-wca'.  direction,  and  its  dl|j  :s  to  the  south  at  bO°  to  70° 
The  principal  jointinq  parallels  the  foliation,  and  other  iclntlug 
of  a  minor  nature  is  present.   Rock  outcrops  are  few  and  are 
confined  to  the  banks  of  the  river,  particularly  ii!'.>:  the  romier 
rapids.   Structural  v/i-aknesses  In  the  rock  arc  thought  to  be 
few  In  number,  aithouTh  j  wide  cast-west  fault  Is  beliovad  Ml 
exist  In  the  river  immediately  to  the  north  of  the  narrow 
peninsula. 

Ztia  ovartauntaa  eoailata  eoaiplaialy  oi  glaelal  orpoatglacial 
aolls .  The  mufaou  telnage  ayatem  la  poor  and  genarally  dla- 
organiaed.  with  the  reault  dtat  awaatpy  aieaa  and  muakag  are 
ooauDon.  Oceasionally,  the  latter  reaehea  a  maxtnyai  thidc- 
neaa  of  IS  ft.  Cowering  die  eatlie  area,  except  for  the  highest 
ridges,  am  clays  and  sUu  of  the  glacial  lake  Agassis  C3]. 
These  an  weathend  to  a  tafomlah  oolor  In  die  upper  6  ft,  end 
are  generally  cowed  by  1  to  9  ft  d  oiganlo  lopeoil.  These 
clays  usualUr  becenw  leu  plMtlo  and  nore  silly  with  depth, 
and  reach  maxliBuai  dudiaesies  In  excess  of  2S  ft.  Beneath 
them  is  a  glacially  depoallad  ground  noralne  of  sand,  gravel, 
aivd  granular  till,  which  varies  up  l»  20  ft  In  ddchness.  This 
t  of  organic  topsoU,  varvod  days  and  slltSt  and  gran- 
may  range  to  dilekness  iron  only  a  few  to  nors 
than  SO  ft;  the  greater  ihl^tnesses  occur  In  depressions  in  the 
rock  surface. 

The  Kelsey  site  is  located  in  the  borcjl  or  northern  climatic 
region  of  Canada.  The  significant  climatic  data  for  the  site 
are  as  follows  [4,  S]: 


Fig.  2.  General  arrangeoient  of  developBeni 
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M«an  annual  (emperature  2S°r 

Moan  January  daily  (emp«rature  -IST 

Mean  July  daily  temperature  S9'T 

Average  (rost-(ree  days  per  year  140 

Moan  annual  total  precipitation  16  tn. 

Mean  annual  rainfall  12  In. 

Mean  annual  snowfall  60  tn. 

Th«  site  Is  situated  very  close  to  the  southerly  boundary  of 
the  permafrost  region.  Permafrost  was  found.  In  some  form 
during  construction,  In  about  70%  of  the  entire  area.   In  dis- 
tribution It  was  sporadic  in  both  the  vertical  and  horizontal 
directions;  in  only  a  small  percentage  of  the  area  was  the  soil 
frozen  completely  down  to  rock.  The  depth  of  seasonal  freez- 
ing and  thawing  was  generally  2  to  3  ft  In  swampy  areas  and 
where  organic  cover  existed,  and  S  to  6  ft  on  more  exposed 
higher  ground.  Varved  clay  and  sandy  moraine  were  found  fro- 
zen to  depths  as  great  as  35  ft  below  the  ground  surface:  in 
some  areas  permafrost  was  encountered  In  the  rock.   In  some 
Instances  it  was  found  within  2S  ft  of  the  Nelson  River.  In  the 
clays,  frozen  pore  water  occurred  In  several  forms  from  minute 
Ice  crystals  to  tenses  of  clear  ice  as  thick  as  7  in.   Lenses  of 
the  latter  thickness  were  uncommon  and  were  found  mainly  In 
the  sluiceway  area  (Fig.  3).   Most  frequently,  ice  occurred  as 
thin  threadlike  stringers  at  contacts  between  the  light  and  dark 
layers  in  the  varved  clay.  Temperatures  in  the  permafrost  were 
found  to  vary  twtwocn  29.5°  and  32T. 

EXPLORATIONS  AND  NATURAL  CONSTRUCTION  MATERIALS 


Fig.  3.  Sluiceway  excavation  through  overburden  containing 
permafrost,  August  1957 


Its  high  natural  water  content,  its  relative  thinness  in  places, 
and  the  presence  of  permafrost,  made  its  use  difficult  at  tiroes. 
Deposits  of  suitable  granular  materials  were  not  found  at  the 
site,  with  the  result  that  sand  had  to  be  brought  to  the  site  by 
rail,  a  minimum  distance  of  13  miles. 


Preliminary  hand  augerlng  and  wash  borings  were  first  made  at 
the  site  in  1955  and  1956,  and  geological  mapping  was  done 
during  the  latter  year.  Photogcologlc  studies  of  the  power  site 
and  the  railway  route  from  the  main  line  to  the  site  were  made 
In  1956,  while  more  detailed  geological  mapping,  additional 
auger  borings,  and  some  diamond  drilling  were  carried  out 
Intermittently  between  19S7  and  1959. 

Most  of  the  diamond  drilling  was  done  by  conventional 
methods,  except  at  the  locations  of  dikes  No.  2  oast  and 
No.  2  west,  where  permafrost  was  known  to  exist  and  a  rea- 
sonably complete  picture  of  the  foundation  conditions  was  con- 
sidered very  desirable.  At  these  two  structures  an  attempt  was 
made  to  obtain  continuous  frozen  core  by  drilling  in  winter  with 
a  machine  having  a  hytlrau  lie -feed  head,  utilizing  a  double - 
tube,  swivel-hL-<td  core  barrel;  and  using  fuel  oil  for  drilling 
fluid.  This  method  proved  to  be  fairly  successful  In  obtaining 
good  core  of  the  frozen  clays. 

Near  the  Kelsey  development  the  only  construction  materials 
economically  available  in  quantity  were  bedrock  and  varved 
clays.  Suitable  rockfill  for  the  dam,  dikes,  cofferdams,  roads, 
and  concrete  aggregate  and  transition  materials  were  obtained 
from  the  various  excavations  and  quarries  at  the  site.  Glacial 
till  (suitable  for  use  In  the  Impervious  zones  of  the  dam,  dikes, 
and  cofferdams)  could  not  be  found  near  the  site,  and  the 
varved  clay  had  to  be  used.  Although  this  clay  was  abundant. 


CLAY  DIKES 

The  center  dike  (Fig.  2)  is  the  westerly  continuation  of  the 
main  dam  required  to  provide  closure  of  the  reservoir  along 
the  high  ground  of  the  small  peninsula.  Early  explorations  in 
this  area  showed  that  bedrock  was  overlain  by  a  thin  layer  of 
sand  and  gravel  and  varved  clay.  Extensive  zones  of  perma- 
frost wore  found  in  the  overburden,  and  subsequent  excavation 
revealed  Ice-lenscs  up  to  0.5  In.  thick  in  the  clay.   It  was 
concluded  that  filling  of  the  reservoir  would  change  the  exist- 
ing thermal  regime  sufficiently  to  produce  extensive  thawing  of 
the  permafrost,  and  thereby  create  critical  stability  conditions. 
It  was,  the  re  f  ore ,  decided  to  remove  the  overljurden  down  to 
bedrock  from  beneath  the  dike  and  replace  it  with  compacted 
unfrozen  clay.  The  adopted  cross  section  (Fig.  4)  was 
designed  so  that  a  failure  of  the  overburden  supporting  the 
dike  on  the  upstream  side  would  not  endanger  the  entire  dike. 
This  section  was  continued  until  the  ground  surface  reached 
the  normal  reservoir  elevation  of  605  ft,  at  which  point  the 
remaining  dike  was  placed  directly  upon  the  stripped  over- 
burden . 

Excavation  for  the  dike  was  done  in  the  summer  of  19S8  with 
a  dragline,  after  use  of  a  bulldozer  proved  unsuccessful.  Fill 
placing  was  completed  In  the  summer  of  1959  using  conven- 
tional equipment  and  the  varved  clay,  which  was  slightly 
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Fig .  4 .  Typical  section  through  center  dike 
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above  optimum  water  content.   Some  difficulty  with  sloughing 
of  the  exposed  pormdfrost  slopea  In  thi>  excjc-svaticn  was  sur- 
mounted by  piling  temporary  insulating  fill  against  the  slopes. 

At  the  oast  end  o(  the  stuloeway  structure  the  varved  clay 
overburden  contained  extensive  permafrost  and  reached  a  max- 
imum thickness  of  30  to  3S  ft.  It  was  feared  that  progresstve 
thawing  and  sloughing  of  this  overburden  might  be  oauMd  by 
the  ralsirvg  of  the  headpond:  because  such  a  sltutlon  oould 
not  ba  tolsratad.  It  waa  decided  to  extend  a  concrete  gravity 
bulkhead  •astmrd  fam  Ihe  sluiceway  (a  distance  of  46S  ft  to 
tiM  9raund  aurtam  eenlQur  of  90i  ft) .  Fnxn  ibU  point  to  ala- 
vmOm  Ml  ft,  dtta  Ho.  1  mm.  •  hmU  faonogmoous  earthf  111. 
was b«aitdiractly ondwovwlMidan.  IhU was bultt in Octe- 
bor  and  Novanbor.  and  ftMsIng  tonpsratuma  raquind  that  tha 
dlka  ba  ooavletad  wldUa  a  baatad  aaelemiia. 

DIka  No.  1  waat  grovMaa  tfw  eloaun  tron  ifaa  waat  and  of 
tfaa  powarhouae  to  Iba  hlgbar  ground  to  the  south.  Tha  ovaibur- 
dan  In  tbla  araa  eoaalaiad  of  varvad  otoy  ovarlylng  lontloular 
aanda  and  gravela  aad  till  dapoaiu  of  leeal  axiant.  Tha  par- 
mafraat  thara  provad  to  ba  en^  apofadle.  aad  ttw  dUca  we« 
founded  directly  on  bedrock  tat  a  dlataaoa  of  only  100  ft  from 
the  powerhouse:  beyond  tbat  Ih*  dlks  waa  tbundad  on  ovofbur- 
den.  The  dike  was  oonatructed  according  to  the  cross  aaeUon 
shown  in  Fig.  5,  the  roUad  aarthflU  being  the  local  varved 
clay. 

Dikes  3  to  S  and  7  to  10  west,  fairly  low  structures  with  a 
maximum  hi  lght  of  6  ft,  woro  necessary  only  to  provide  closure 
of  the  610  contour  around  the  rcMcrvolr.   They  were  all  located 
In  low  swampy  areas  where  occess  In  the  summer  w;th  i.  t>riven- 
tlonal  equipment  was  difficult;  consequently,  the  dikes  wore 
constructed  In  Tebruary  and  March.   Dike  arojs  were  stripped 
Immediately  ahead  of  the  fill  plsclng  .  Fill  was  the  varved 
clay,  which  was  compacted  Into  a  homoger.t-ous  section  In  an 
unfrozen  state  by  bulldozers.  The  stripped  organic  cover  was 
spread  over  the  dikes  afterward  for  thermal  and  areaiaa  pro- 
tection . 

Thus  far,  no  difficulty  has  txji-r-.  irxpi-rlt-nced  with  any  of  the 
clay  dikes.  The  maximum  recorded  settlement  of  No.  1  west 


is  al>out  0.3  ft.   Settlement  up  !o  1  .9  f!  hiu  b«>i';i  n-cordt-d  tit 
center  dike  in  a  section  near  lt3  lur.ctlor.  with  the  inain  rcck- 
flU  dam  where  a  substantial  amount  of  clay  fill  was  placed 
during  ftaaalng  waathar  lata  In  19S9. 

8MIDDIIE8 

Opatraam  from  the  powerhouse  and  dam,  low-lying  swampy 
anas  existed  on  both  sides  of  the  river;  closure  of  the  heed- 
pond  required  dikes  about  2000  ft  In  length  and  20  ft  in  maael- 
num  height.  These  dikes  are  No.  2  east  and  2  west,  shown 
in  Fig.  2.  The  loU  profile  at  both  locations  consisted  of  1  to 
4  ft  of  Bualiag  ovarlylng  varvad  olay,  landy  till,  and  badroclc. 
Tha  average  ovMhuidan  Ihleknaaa  «raa  20  to  2S  ft  and  iha  max* 
Inum  waa  4S  ft.  Ponaafrost.  hi  all  foraia  waa  ganaral  chieugh-' 
out  boMa  dlka  araaa,  eliheugh  dlaoontliiuaua  pocketa  of 
unHroaan  ioll  did  oeour.  Parmanantly  Craaan  aotl  extandad 
from  wtifab)  3  ft  of  ttia  graund  aiufaea  Into  tha  badtoek. 

Goooatn  waa  iatt  ever  tha  poaalbia  losa  of  ahaar  strength  hi 
tha  soli  that  sii^t  raault  fton  tha  thawtaig  of  tha  aolls  banaath 
the  dlhas,  dwa  praelpltatlng  a  feundatloo  falbra.  Various 
altamatlva  aolutlana  wata  consldarad  and  dw  adopted  one  was 
dikas  ditaetly  oo  tha  pwiaaltaat.  it  was  bellewad,  howavar, 
that  tha  situation  oould  ba  materially  improved  if  tha  umeuat 
water  were  removed  from  the  soil  as  quickly  as  it  was  produced 
by  thawing  and  the  soli  allowed  to  consolidate  naturally.  To 
make  this  possible,  sand  drains  were  installed  on  a  grid 
pattern  beneath  the  dikes  from  the  downsueam  toes  to  a  dis- 
tance of  about  SO  ft  l>eyond  the  upstream  toes  (Fig.  6) .  The 
sand  drains  were  14  in.  and  16  In.  in  diameter,  and  spaced 
on  10,  15.  rind  20  ft  centers.   The  holes  were  generally  25  ft 
deep,  or  to  t>cdrock  If  shallower,  except  for  those  along  the 
downstream  toe  which  wofa  drlUad  to  a  maxlmusi  depth  of 
40  ft  or  to  bedrock. 

B<^cAu&e  muskeg  made  access  during  summer  months  both 
difficult  and  costly,  it  was  decided  to  build  these  dikus  In 
Llie  winter  .Tionths.  As  the  placing  of  a  rolled  cljy  fill  irx  the 
winter  was  considered  unsatisfactory,  a  homogeneous  section 


Fig.  6.  Typical  secUon  through  No.  2  east  and  No.  2  waat 
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Fi4.  7.  Parttclo  size  distribution  for  sand  fill  and  transition 
materials  in  No.  2  east  and  No.  2  west 

of  pit-run  sand  was  adopted.   Moreover ,  It  was  bollcvod  that 
sand  fills  would  adiust  to  the  Inevitable  scttiemetit  better  than 
clay  fill  (rig.  7).  Calculations  indicated  that  the  maximum 
ultimate  settlement  would  b«  about  S  It.  Seepage  through  the 
sand  fill  was  estiniatcd  to  be  slightly  less  than  1  cu  ft/sec 
for  each  dike,  and  a  downstream  drainage  system  was  provided 
to  carry  this  away  safely. 

Organic  matter  and  topsoll  were  stripped  during  March  and 
December  of  19S8  by  bulldozers.  This  work  was  difficult 
because  of  the  hard  nature  of  the  frozen  soil  and  because  bull- 
dozers could  not  operate  on  swampy  areas  at  each  dike.  Blast- 
ing and  a  dragline  were  resorted  to  finally  to  strip  the  swampy 
areas.  Sand  drains  were  easily  Installed  by  truck -mounted 
power  augers  at  an  average  rate  of  36.6  llAit  for  the  entire 
59,000  feet- 

Sand  fill  was  brought  to  the  site  by  rail,  delivered  to  the 
dikes  by  trucks  and  spread  and  compacted  In  12-ln.  lifts  by 
bulldozers.  Transition  and  slope  protection  materials  were 
placed  by  conventional  methods. 

Drainage  ditches  were  excavated  during  the  winter  by  a 
combination  of  blasting,  dragline,  and  hand  labor.  All  other 
work  on  those  dikes  was  done  In  the  winter,  both  dikes  being 
completed  In  the  spring  of  I9S9  (Figs.  B  and  9). 

Since  the  construction  of  earth  works,  such  as  these, 
directly  upon  permafrost  had  no  known  precedent,  considerable 
interest  was  aroused  In  their  performance.  A  program  of  meas- 
urements of  thermal  changes  In  the  permafrost  and  of  conse- 
quent settlement  was  iolntly  undertaken  by  the  National 
Research  Council  of  Canada  and  Manltot>a  Hydro.  This  program 
Included  the  installation  of  eight  thermocouple  stations  and 
IS  settlement  gauges  located  beneath  and  adjacent  to  dike 
No.  2  cast,  and  3  settlement  gauges  beneath  dike  No.  2  west. 

Although  some  instrumental  difficulties  have  been  experi- 
enced with  this  Installation,  the  observations  showed  that  by 
late  1962  (two  years  alter  reservoir  filling),  maximum  recorded 
thawing  was  about  S  ft  below  the  stripped  foundation  surface 
beneath  the  dike,  and  about  12  ft  below  ground  surface  eleva- 
tion In  the  reservoir  adjacent  to  dike  No.  2  oast.  The  maximum 
recorded  settlement  o(  the  crest  of  dike  No.  2  east  by  the  sum- 
mer of  1962  was  approximately  4.2  ft,  of  which  1 . 2  ft  were 
measured  In  the  foundation.  A  number  of  slight  local  depres- 
sions were  observed  along  the  crest  and  on  the  downstream 
slope  of  this  dike,  but  no  dllficulty  with  the  structure  has 
boon  experienced. 

On  dike  No.  2  west,  the  maximum  recorded  settlement  of 
the  crest  by  the  summer  of  1962  was  4.7  ft,  of  which  at  least 
0.8  ft  occurred  In  the  loundation.  Dish-shapod  settlements 
have  occurred  In  this  dike  similar  to  those  In  dike  No.  2  east. 
In  addition,  a  localized  depression  with  a  depth  of  several 
feet  occurred  suddenly  in  the  crest  during  luly  1961  and 
extended  down  the  upstream  and  downstream  slopes.  Tempo- 
rary repairs  were  made  In  the  summer  of  1961,  and  a  general 
raising  of  the  crests  of  both  dikes  to  elevation  611  It  was 
completed  in  the  summer  of  1962.  No  other  difficulty  with 


Fig.  B.  Construction  of  No.  2  west,  January  19S9 


Fig.  9.  Aerial  view  •hewing  powerhouse  and  No.  I  and  No.  2 
west,  Oct.  I960 


dike  No.  2  west  has  t>een  experienced. 
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FROST-HEAVE  OF  ROADS  IN  HOKKAIDO,  JAPAN 


t.  MnMWWA.  M.  KOYAMA,  «ad  T.  TAXMM8HI.  Civil  BnglMMna  IteaMnh  IntUtut*.  teppoie,  Ikpan 


Frost-heave  of  rosds.  essentislly  caused  by  cold  weather.  Is 
one  of  the  greatest  problems  in  cold  arecis.    Since  World  War 
11.  remarkable  proqrfs.-!  in  sno^v  removal  in  Hokk.3ido  has 
imjrnvc'i  v/intcr  tr-iff;c.    Snow  removal,  hcnvever,  has  expond 
road  £..rfiices  to  deep  frost  penetration,   rurtherroore,  tn- 
cr>.'^f..'a  .-v..to.n-.ot:ii<:'  tr  itfic  l»t  «dd*d  w  vMd  danaoe  OBuatd 

.Si:.r<-  1951  ,  t-,'-  Hf^tk.M  in  ri  'v.^iopmcnt  Bureau  (HDB}  has 
corid..c!ct;  rcscirch  .^nd  studios  on  frosl-hoave  of  roads  in 
ccoper-ition  with,  i'okkaido  University,  the  Hokkaido  Prafac* 
tural  Government,  and  other  organizstlon.i  concerned. 

For  new  paved  roftd.=, ,  thf  rf'ComniT.jDd  .ir.J  n-qulred  melh" 
od  IS  to  replace  a  frof.t- ^:u^.fv■(:tlb;^■  -.u-urrrlf  or  to  build  a 
nonfrost- susceptible  s  jbl:.'  ;'-  course. 

As  1  r:iPEi5ure  ai.iinst  lrost-h!?:ive  on  gr-ivnl  ro.ids.  as 
thick  ii  snow  Itiyc-r  as.  is  toleroblo  ;3  .eft  or,  ".he  rond  sjrf.ice 
at  the  time  of  .'■row  removal.    Prrfor.ition  thro...Th  the  re.'ila'.jal 
froze.-i  l.iyer  in  the  thav/lng  season  is  effective  m  facilitating 
drainage.  The«e  methods  are  helptuj  but  no  deltnite  counter 
■MtuMt  bwa  y*l  bMn  tsund. 

ROADS  OP  HORHaDO 

Compared  with  the  national  average,  Hokkaido  reads  still 
need  much  improvement.  In  recent  years,  however,  much  has 
r  done  lo  develop  and  pava  loadi  and  btdid  pannanani 

bridges  [  1  ] . 

Of  the  S8,320  km  of  roads  In  Hokkaido,  4,170  km  is 
national  highway,  7,733  km  is  prefectural,  and  46,417  km 
is  city  or  town.ihlp  (Table  D. 

About  26,000  km  of  the  total  length  is  satisfactory  for 
automobile  traffic. 

Table  U  shows  the  distribution  of  ro-id  length  in  Hokkaido 
as  compared  with  the  national  .ivera  jc   Table  III  gives  the 
status  of  improved  atxl  paved  roads.   Accordinq  to  the  labia, 
tmpnived  national  and  prefectural  roads  account  for  only  20%, 
and  dty  and  township  roads  lor  less  than  10%  o(  the  total 
tongth. 

National  and  prefectural  roads  are  paved  fdr  a  length  of 
660  km— a  rata  of  s.  9X  or  ana  half  of  the  itaUonel  avataga  of 
11%.  This  It  a  rasult  of  pngramB  planned  to  laprava  tha  prl- 


Tablo  I.    Uingth  ol  roads  in  Hokkaido  (March  1961) 
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highway,  however,  la  extremely  lew. 
Weather  PioMb 


Severe  weather  is  the  greatest  impediment  to  road  construction 
and  maintenance.  Hokkaido  has  a  continental  climate  with 
broad  dltfarencos  between  summer  and  winter,  day  and  night, 
and  is  an  area  subject  to  th''^  mo^t  <>xtrema  climate  changes  in 
our  oountty. 

rigure  1  shows  the  avera.jc  •..  n; crature  conditions  at  repre- 
sentative cities  of  the  island  [2j.    Regarding  the  maximum 
freezing  index  most  closely  related  to  the  Ireeitlng  o(  ground, 
the  city  of  Hakod.ite  shows  the  lowest,  with  -  .>2fl''C  d.^ys.  .and 
the  city  of  Obihlro,  the  highest,  with  -e74  C  days,  while 
■wuntolnoua  parte  often  go  heyond  -lOOO'c  daya. 


Table  U.  OlstribuUon  of  toads^ 


Kinds 

£?• 

M 

Population 

m 

Length  of  road, 
m 
(C» 

Length  of  road 
per  area , 
m/km* 
(C/A) 

Population 
per  Unaol 

<B/Ct 

Total  length 
ol  roads ,  m 
(E) 

Lcnyth  of 
roads  p-?r 
area ,  .tj,. 'km'' 
(E.'A) 

i-'opulation 
per  lineal 
km 
(B/E) 

National 

36^  661 

93  760  000 

147  041  935 

397 

637 

963  444  966 

2  607 

97 

Hokk.sido 

7S  509 

5  060  000 

11   903  393 

ISl 

425 

58  320  099 

741 

84 

'National  stausttcs-as  of  March  31,  1960;  Hokkaido  staUsUcs-as  of  March  31.  1961 


Table  III.  The  roads  o(  Hokkaido  (March  31,  1961) 
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Prlmory  national  highway 

1  491.760 
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26.6 

0 
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Designated  prefectural  road 
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68.222 
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20.4 
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S.S 

487. 8S0 

4.1 

City  and  township  toadt 

46  416.702 

3  811.860 

8.2 
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o.s 

6  6S6.123 

14.9 

Grand  Total 
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10.7 

889. 4SS 

l.S 

7-143.773 

11.9 
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rig.  1 .  Fraaaingi  index  In  Hokkaido  (statlstlMl  value) 


WmtcrJTr.j  liic 

Before  I'j'lS.  snow  wns  removed  only  on  a  sinull  scale.  Full- 
scale  inow  re.-novril  was  begun  by  order  o(  the  Occupation 
Forces.    Thii  increased  winter  traffic  on  the  tslarvd.  This 
•ervice.  which  was  made  a  public  utility  about  19.18.  extended 
ItM  use  of  roads  for  wlntor  traltlc  to  iOdO  km  by  1950. 

In  April  1956,  a  law  was  enacted  which  designated  impor- 
tant highways  to  be  cleared  of  snow.    Moreover,  it  provided 
for  InlilaUon  of  subtoM  oonstrucUon  to  prevent  frost  damage- 
JMa  IV  alnwc  the  extent  of  cleared  roeda  by  I9t2. 

Prost-H— VP  Deaeoe 

The  RMds  of  Hokkaido,  until  I94S.  had  almost  no  automobile 
traffic  in  winter.   Travel  started  again  at  the  spring  thawing 
season,  but  the  volume  was  small.    The  road  suffeoe  beeve. 

there(or<!,  damagotl  tho  road  littlu.  if  at  .iU. 

Aftpr '.Vir.J  Wir  11    howt'vcr,  .Tr:ivc  snow  r'.'T.nv.:!  I  .  heavier 
vehicles,  and  mcur.t;r».5  irj'.'.ic  voli.;nie  ra^aijly  increased  the 
damage  to  roads  from  ?rc  st  ■  h>:- iv; ^nd  thawing. 

Table  V  .shows  tht>  i«iigths  o!  tliose  sections  in  the  roads 
un^lor  the  a.-lninistration  of  the  HDB  that  wr-t..  Lloi  ked  to 
traffic  or  hjJ  traffic  difficulties  in  the  spnr.y  n\  l  -bl. 

According  to  Table  V.  the  lerYgth  of  dam.jyed  roj  is  totaled 
643  km  or  12.  7%  of  the  total  length.   But  if  the  length  of  paved 
lOads,  Impnved  loede.  blacked  sections,  and  snowbound 


Table  IV.   Snow  removal 
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Table  V.  Length  of  (oeds  damaged  by  fiott-heave.  1961 
Hokkaido  Development  Bureau  (Unit:  m) 
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Profectural 
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SappotO 

19  200 

34  900 
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13.  I 
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20  200 
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roads  is  excluded,  about  20%  has  caused  traffic  paralysis  in 
the  spring  through  traffic  blocks  and  other  problems.  The 
thawing  season  extends  from  the  middle  of  March  to  middle 
or  late  April,  and  the  mud  season  extends  from  early  to  late 
April.   The  opening  time  and  period  of  the  mud  season  varies 
according  to  location. 

Htovt  or  Subtidtnct 

-2-1  0  I  2  3  4  5  6  7  8  9  1011  1213  we  1617 18 


-  Dtc.    25,  I9S2 

Jan.    e,  1953 

• —  Jon.    28,  1953 

 Ftb.     12,  1953 

F«b     24.  1953 
 March  13,  1 953 

 Morch  25,  1953 

«        April    II,  1953 

April    27,  1953 

rig.  3a.  Trost-heave  profile  (tautochrone)  at  Nina.  Hokkaido. 
1952-19S3 
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Pefcenrage  of  Moximum  Heau*  ot  Rood  Surface 
Fig.  3B.    Profile  of  frost-heave  at  its  maximum  (exisUng  gravel 
roads)  in  Hokkaido.  1952-1954 
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Data 

Figures  2  and  3  thow  Anst  data  for  tha  Island  C2.3].  The  tem- 
perature drops  balow  0*C  in  the  middle  of  November,  and  tha 
surface  layar  of  tha  roads  Is  firosen  by  the  middle  of  Df^r^f^mbtK 
Tha  frost  line  drops  gradually  from  around  m>a- Deci:mbr-r, 
when  air  temperature  is  -5°  to  -6  C,  ar.d  rotichos  the  lowest 
around  rald-March.   Frost-heave  is  usually  maximum  late  In 
Pabraeir. 

ANTIFItOST- HEAVE  METHODS 

Much  has  y«t  10  be  discovered  dbout  tha  frost- heave  macba- 
nlsm.  Howcvar,  several  methods  for  pravanting  faeat-haava 
ara:  Raplaeamem,  heat  insulation,  water  intarceptlonf  and 
chemical  addlUves.  At  Hokkaido,  tha  ra]»laeeiiieiil  method  is 
tha  most  popiilai;  frost- susceptible  subgrade  soil  is  rsplacad 
to  the  freexlng  depth  by  nonfrost-suseoptibla  materials.  The 
chemical  method  is  adopted  only  as  a  subsldiaiy  step  to  the 
replscemeM  aiethod.  Heal  insulation  and  water  Inteieeptien 
imthods  are  not  used. 

RBpla€»meiit  Method 

Dt?pth  — Gijn<'!r.illy .  :t  is  ur.i.-cor/vnirol  to  ri-plocc  the  whole 
(rost  Ji'jJth.    As  re(:lor-ener.t  noteriols.  snr..;  jnci  unscreened 
Sr^vcl  are  used,  but  repi.icemcnt  by  s.<ch  CQtirse- srt^ined 
materials  further  lowers  the  frost  lire  as  corr.prired  with  the 
existing;  frost  depth  of  sutjjriile  bc'.orr:  n-plnfement .  .uui  so 
mnrf*  eyp'^-nse  is  involve;!  it  ref.:].ir-fTnfr-.t  rs  to  be  mnfie  down 
to  I;.,   ---y-p'.-ctt-d  twA  lepth.    In  i  r  ir'..~:v  .  therefore,  it  becOTnes 
iir.portjMt  to  set  the  tnininun  dejth  of  re;:lacement  to  pirevent 
(rost-hojvc  damoge  — that  is.  to  reduce  the  frost-herive  to  an 
amount  that  will  not  dimage  the  surface  layer  but  will  f.er.ire 
a  necessary  subbv-se  beirinc;  capicity  at  the  thawir.q  ."season. 

The  requirements  of  the  subbir.e  .-iv  to  biMrK>3  c.i[..icity  .ind 
It-s  unUor.Tilty  vary  .ircorduig  to  whether  the  surface  layer  is 
rigid  or  flexible.    Therefore,  the  replacement  depth  arvd  the 
selection  of  materials  are  closely  related  to  the  kind  of  pave- 
ment.   One  reason  for  adoption  of  flexible  pavement  in 
Hokkaido  is  that  this  iilnd  of  pavement  ha.s  tx^en  found  by 
experience  to  be  bt-.t  fitted  for  the  partial  topiacer-ient 
technique-    The  HDH  recommends  a  replacement  ratio  (depth 
of  pavi'ii  roail  structure,  including  antifrost  layer,  to  the 
original  frost  dcjth)  Of  about  80*  as  reasonable  l4l. 

Only  a  small  percentage  of  the  surface  he^ive  of  existing 
gravel  roads  Is  attributable  to  the  soil  below  B0%  of  the  origi- 
nal frost- penetration  depth  (Fig.  3)  and  the  adopted  depth  of 
select  fill  may  provide  sufficient  bearing  capacity,  even  if 
the  aeeumuldtion  of  extra  water  and  resultant  weakenlitg  might 
impair  the  underlying  layer.   In  districts  having  a  shallow 
Itost  depth,  therelora.  the  depth  of  selected  fill  may  be  con- 
cerned only  with  bearing  value  and  Is  based  simply  on  the 
necessary  capacity  as  a  base  oovrse. 

Standard  depths  of  paved  struelUM  in  various  dlstneta  have 
been  adopted  as  foUowrss  In  Rahodata,  M  em;  Asahigawa. 
OUhlre,  90-)00  em:  and  the  ofliers.  80  cm.  The  depths  are 
regarded  as  reasonable  because  thai*  have  been  no  serious 
falltves.  et  leest  with  asphaltie  pawenent. 

Ouality  of  replacement  materials— Materials  used  for  the  antl- 
ftost  layer  and  subbase  course  should  be  of  such  quality  that 
they  are  not  susceptible  to  frost-hoave  and  should  maintain 
the  iieceasaiy  bearing  capacity. 

For  aubfaase  course  including  the  antlfroet  layer,  tiie  HDB 
uses  sand,  unscreened  gravel,  crusher  run.  and  coarse 
grained  veleanle  ash  [  Si. 

Unaeraened  gravel  Is  most  conuBonly  used  either  as  a 
aubfaase  oourae  or  as  an  antifltest  layer,  tlnsfaeened  grwel 
tor  the  aubbaae  oourse  should  ba  finer  than  M  am  In  groin 
slse.  and  must  not  be  greater  than  M  mm  for  an  antlGrost 
layer.  CNoninnl  mexlniim  siawa  sin  is  W  am,  Mlyakawa 
wntee  Otat  lOOK  of  this  material  passed  the  7».  2  mm  slave. 
eS-IO0«  paased  S3.S  mm.  and  W-eO%  was  llnar  than  4.7« 
aun.  F.  J.  Sanger. )  It  should  also  have  a  gredetlon  so  that 
It  can  be  eompactad  by  ordinary  oompactlon  aqidpownt  end 
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contain  a  30  to  60K  sand  fraction  passing  the  4760  ft  sieve. 
Irrespective  of  the  maximum  grain  sice.  It  should  also  be  of 
good  quality  and  contain  no  extremely  flat  or  elongated  pieces 
of  stone  or  other  deleterious  substances.   For  coarse  aggre- 
gate  retained  on  the  2380  ft  sieve,  wear  by  the  Los  Angeles 
test  should  be  less  than  AS%  and  weighted  loss,  after  five 
alternations  Of  the  sodium  sulfate  soundness  test,  net  mare 
than  1S%. 

Fiost  susceptibility  of  unscreened  gravel  Is  cheeked  by  the 
amount  of  the  traction  passing  the  74  )i  sieve  in  the  sand 
fraction  passing  tha  4760  |i  sieve:  a  weighted  amount  of  less 
than  9%  Is  tolerable.  Crusher  run  la  generally  used  for  the 
subbase  oourse,  and  the  above  specifications  are  applied 
corn  spending  ly . 

Sand  for  antiftosi  layers  should  be  dean,  hard,  durable, 
and  fne  fiem  harmful  vegetable  matter.  Aost  susceptibility 
of  the  sand  is  dselded  by  the  amount  of  the  irsGtlon  passing 
the  74  |i  Sieve;  less  than  611  is  allowed  to  be  considered 
nonfrest  susceptible. 

Volcanic  ashes  In  local  areas  are  so  Inexpensive  and 
readily  available  that  they  are  often  used.  Materials  Aould 
be  hard  and  coarse,  show  no  signs  of  efflorescence,  have 
good  drainage,  hove  less  than  20%  passing  the  74  |i  sieve, 
and  ahow  an  ignition  loss  of  less  than  4K.  Standards  for  fine 
fraction  and  ignition  loss  were  temporarily  set  as  a  simple 
method  of  Judging  susceptibility  of  volcanic  ashes.  Otlier 
materlels  can  be  used  if  they  ara  nonsuacepubie  by  6eet> 
heaving  tests. 

Subbases-A  subbase  course  consists  usually  of  two  layers: 
A  subbase  course  and  an  antllrost  layer.   Since  subbase  ma- 
terial.'; 4rc  receded  In  large  quantities,  it  is  important  to  obtain 

it\exp<!n5ivc  materials;  to  survey  the  distribution,  and  deter- 
mine qualities  of  variOLs  material s— their  utilization,  trans- 
portation, prices,  etc.    When  quality  materials  are  .iv\llahle 
at  low  prices,  the  subbase  can  be  mflde  ol  the  same  material 
for  iti  ■.v.'iolu  thir;kne.<s.   When  more  than  two  kinds  of  material 
are  n<-ed<>d.  they  cm  u-  -.leiected  ftooordlng  to  qualities  given 

In  the  clas^ific-jtion  (Fuj.  4). 

In  rig.  -1  the  subbase  consists  of  layers  A.  B.  ::r\c.  C.  For 
A,  which  IS  withm  the  roiTion  oi  severe  stre.':^  Iron,  a  wheel 
lo.^d,  the  most  stabi-Ji  and  hard  materials  nri- 
Unscreened  gravel  of  good  Ljualjty  is  giT»-t.illy  ..5.cd.  1  5  to  30 
cn-j  thick.    For  B.  le.^st  expensive  materials  of  various  kinds 
are  us^-d:   Sard,  p<->r>rly- graaec  unscreened  yrovel,  volcanic 
ashi-i,  Ltc.    For  C ,  in  the  part  adJoir.;r:q  the  subgrade,  tand 
or  s.jindy  gravel  is  used,  20  to  30  cm  thick,  to  keep  subgradc 
soil  frotr.  qeltlnq  soft  and  working  Into  the  subbase:  but  this 
filler  layer  can  Ix-  orr.itted  in  the  case  of  a  bank  on  an  existing 
rOau . 

For  the  Oer^ring  capacity  of  subbase  courses  ;  or. 3 trucled  for 
asphaltie  paverr.e.nts  in  this  way.  the  HDB  .leiM  the  value  of 


■  i  u  ■ 


■i  more  than  2S  kg,  cu  cm  In  Its  specili: 


30 


:r.d. .  rhe  coellicient  of  subgrade  ie.>clii'n  ler.ved  TOm  a 

plate  30  cm  diameter  and  a  standard  central  dellectlon  of 
0.I2S  cn.  r.  J.  Sanger.) 

Heat  Insulation  Method 

This  method  is  not  yet  pnetleal  because  appropilMe  heat 
insulating  matariais  hwe  not  been  found.  In  northem  European 
countries,  there  ere  examples  of  roads  that  were  built  with 
both  aubbase  aitd  surface  constructed  on  eubgrade  covered  by 
peet  and  leaves  of  plants.  In  Japan,  however.  It  is  not  yet 


Trer>ch  type 
Bote  CoiXM 


En»bonl«m#nf  Type 
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t  (Anti-FroK  loJtt) 
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traettcftl  to  UM  Alt  kiwi  of  aiMarl«l  for  th*  avbtoM  of  ocpo- 
dally  inpoitaM  loads.  A  pnpoml  hat  bton  md*  to  uao 
poioua  eoncrat*.  but  ita  hMt  tnaulatlon  valu*  doot  net 
ooaponasta  iar  Its  hlgliar  ooat. 

At  Oblbbo,  axpailMnta  wai*  inada  on  httat  laculation  by 
using  foanad  polystyrena  and  slallar  matefials.  A  baole  tost 
has  also  boon  nado  on  undoigRNind  boat  IniulaUon  oflsots  and 
dunbUlty  of  nalortals  of  this  kind. 

Water- Intercoption  Melhoc! 

Then-  rire  two  watsr- intprception  rnf!thods:   One  cuts  off  ground- 
Wrttor  sup'ply  with  grrmulcir  rr.tiieriiils  having  no  cjpiUary  action.' 
the  other  cuts  oil  the  migration  of  water  with  impermeable 
membrarws  of  motal ,  vinyl,  asphalt,  etc.   Also,  trost- 
susceptlble  soil  above  the  water-cutolf  layer  must  be  pro- 
tected from  rain  water  in  the  same  way;  water  contained  In 
the  soil  itself  must  be  limited  so  that  it  does  not  contribute 
to  frost-heave.    Experiments  with,  this  met.'iod  show  that  it  Is 
difficult  to  pRMact  tha  soil  from  rainl«il  during  construction. 
It  Is  v«nr  doubtfal  that  watar  can  ba  kapt  etit  for  any  longtii 

of  time. 

Chemical  Method 

If  2  to  4%  sodium  or  calcium  chloride  are  added  to  ordinary 

sandy  lyarn  jr.d  1  ;r>  3*  chlotli:!-?.  to  s.-indy  or  gravelly  soil 
with  less  silt  and  cLuy ,  there  will  t>:  j;iririyi  no  danger  of 
frost-heave.    It  Is  considered  effective  for  five  to  5;x  years 
If  the  processed  soil  is  protected  from  rain  tjnd  ground  water. 
This,  however,  h.is  not  b»:<--n  confirmed  in  Hokkaido.  Short- 
comings o;  this  iT.ethod  .-jre  th.jt  it  1;;  dlff:ouJt  to  mix  the 
chemical  with  soil  jnlforrr.ly  to  IrOE^t  tJefith  and  the  c:hi:mlcal 
Is  expensive.    Cost  becomes  as  expensive  as  ropJocemont, 
and  the  effective  period  Is  shorter.    In  Hokkaido  a  subgrado 
SOU  under  .=i  compar<i!iveIy  thin  subbase  is  treated;  also  a 
liquid  chemical  Is  injecied  into  the  subgiodo  SOU  tO  oUsdnatO 
froat- heave  lelt  after  replacement. 

RBSBARCH  OVTUNE 

A  sumy  on  ftost-haavs  Itom  1951  to  1K3  t6)  was  ooaductad 
durtnji  prafneclns,  frtaxlng,  and  thawing  partoda  on  winter 
snow  clearad  and  fonaar  llrost-haawo  ataas.  1km  PHrposa  was 
10  swka  olaar  tha  lalatlonahlp  tiatiMon  data  on  frost  danaga 
and  audi  CmMis  as  teasing  oondlttons.  ptepaitlas  of  axlatlng 
sells,  giound-water  laval,  and  waathar— and  tbaraby  to  get  a 
gtildapoat  for  moasinas  agetast  ftoat*haava. 

A  sisvoy,  durtng  19S4  and  19SS,  was  made  to  get  the  naid- 
murn  boat  dapdi.  flaaslng  ooadltionB,  and  piopertle*  of  sub- 
grado sells  en  tha  routes  that  were  expected  to  be  paved. 

Amount  of  frost- heave  on  the  Tsuklsappu  concrete  road 
along  primary  national  highway  route  No.  36  was  surveyed 
(7)  .   In  1952  at  Tsukisappu,  a  SOO'in  concrete  pavement  was 
especially  designed  to  prevent  frost*haave.   A  survey  was 
conducted  from  19S2  to  1954  to  observe  the  amount  of  frost- 
heave,  the  freezing  and  thawing  processes,  and  also  to 
observe  how  much  concrete  pavaswnt  with  a  ralatlvaly  thin 
antlfrost  subbase  would  crack. 

Geologically,  this  rood  w.is  tmlit  Or-t  silty  Eutxjr.ade  in  the 
path  of  surface  and  underground  water  ftocr.  higher  elevations, 
As  a  result,  the  road  was  severely  damaged;  1:1  -  J-i      I,  uiri 
chloride  solution  (3  kg  '  sq  m)  was  kidded  to  the  .  .::iU-.:.«  .n,  .1 
test. 

A  study  was  also  made  of  the  omount  o!  irost-heave  on  a 
section  5U0  X  long  ,-it  Telne  Town,  route  No,  5,  Sapporo- 
Otaru    8  .    This  primary  national  highway  was  built  in  1953 
of  concrete.    Data  about  the  qualities  of  unscreened  .-jravei 
.ind  ribout  the  thickness  needed  for  the  subbase  were  obtained. 

On  primary  national  highway  route  No.  36  between  Sapporo 
and  Chitose,  two  locations  of  cutting  and  banking  were  chosen 
to  measure  subsurface  tanparaturas  la  I9S9  and  1954  to  tshaek 
frost-line  drop  18'.  . 

Frost-ho.ive  ,3t  the  Bibai  section  on  primary  national  high* 
way  route  No.  12  was  studied  for  three  successive  years« 
bsglaning  In  19SS,  to  obaanra  lha  ralatlonshlp  batwoan 


rsplaeaaimt  dapdt  and  amifto8t*hoaitra  of  foots  t9.  10]. 
Pnpsrttas  of  sells  and  amount  of  tost^haavo,  soil  tampaia- 
lurss.  and  giouad  watar  lavols  ware  noted.  Tests  of  baarlng 
capacity  ware  also  made  to  ehack  seasonal  vartatlens  In  lha 
pavement  capacity. 

Tests  en  Weplecewent  Material 

A  standard  had  to  tx--  obtained  tot  w -.1  iiifLj  riosjt  susceptibility 
of  sjnsrrcenwd  giivi-l  tn  Im-  used  .^s  tei:;ocement  material. 
Frost- heave  tests  were  m-adc  outdoors  during  the  winter  of 
'.  4b4  on  specln^ens  having  various  silt  and  clay  contents  III}. 
All  test  specl.Tien.? ,  however,  showed  concrete-lllce*patlSmS 
and  no  significant  difference  In  frost- he.ive . 

rrost-he,5ve  leLils  were  c-ondut::ted  iti  195S  .md  19S6  or.  sand 
(maximum  grain         ol  S  ni:n)  .  one  o(  the  typical  replacement 
materials  [l2].    The  artificially  prepared  specimens  had 
various  contents  of  silt  (0.005  to  0.075-mm  grain  size);  the 
quality  of  materials  and  environmental  conditions  of  the  test 
were  modified  to  make  a  general  inquiry  into  frost  patterns 
and  faolors  closely  ralated  to  fiost-heavo. 

giost  Oontiol  with  Chemical  Additives 

This  was  a  basic  experiment  on  frost-heave  prevention  by 
chemicals  that  are  used  either  as  an  alternative  or  a  sut>- 
sldlary  procedure  of  the  replacement  method.  Frost-heave 
and  physical  tests  were  conducted  on  highly  frost- susceptible 
soils  nixed  with  1.2,  .md  5't  of  the  chemicals  [13].  Chemi- 
cals tested  were  calculm  chloride,  s.jlt,  cement,  slaked  llmo, 
fA'o  vinyl  -  type  ,  high- molecular  soil  conditioners,  two 
petroleum  high- molecular  soil  conditioners,  and  one  chemical 
soil  stabilizer  composed  chiefly  of  .T.agneslum  chloride. 

dlcuim  chloride,  salt,  and  the  chemlc.il  l;oi1  stabilizer 
wore  effet-tivo  ir.  compar.itlvely  small  .imounls  .?nd  lass 
expensive  than  the  other  materials.    The  pcolilerr.  Is  their 
solubility  arvd  duration  of  effectiveness.    The  two  vinyl-type, 
high- molecular  soil  conditioners  are  hard  to  leach  out.  They 
are  lastliig  but  aaqienstvo. 

■tbl  Frost' Heave  Test  Hosd 

Sbice  19C0,  ftost  astpailaenta  and  suiveys  have  been  sueces* 

shrely  ooadndod  on  a  teat  load  at  Blbl,  dty  of  IbSMkomal. 
along  pilmaiy  national  highway  lOiite  Mo.  36,  to  ohacki  undar 
vahous  weather  and  traffic  condltlona,  hew  antlfroat-heave 
effects  change  according  to  kind,  quality  and  thickness  of 
replaeaflMint  saaterials!  to  loam  what  baeosiea  of  subbase 
hoailns  capacity;  aad  to  ebtsln  data  for  rationally  daalgnlng 
a  rood  atmotue  In  a  cold  area  tl4). 

Of  the  13S0  m  road,  480  m  waa  a  test  section  tor  best- 
heave.  Eight  kinds  of  material  including  unscreened  gravel, 
sand,  and  volcanic  .ash  were  used  for  the  antlfrost- heave 
layer.    The  thicknesses  of  the  road  structure  are  75,  60,  and 
45  c.tj:  the  test  section  is  divided  Into  24  hlOCks;  7S  cn  Is  the 
standard  thickness  in  this  district. 

Subsurface  tcmpetiituiey  .iie  either  automatically  recorded  or 
regularly  measured,  and  the  .imount  of  frost-hsdve  nt  vnrious 
depths  can  be  checked  without  djmsglng  the  road  surfiice. 
Also,  the  bearing  capacity  can  be  measured  by  the  plate- 
bearing  teat  en  the  upper  surteoa  of  the  subtaaea. 

SUBJECTS  FOR  RESEARCH 

Wide  use  of  the  replacement  method  in  Hokkaido  in  based 
partly  on  experience  and  partly  on  the  f,ict  !h.it  no  more 
appropriate  methods  h.ive  yet  l-xw-n  found.    The  HDB  spxjcifsca- 
tlons  and  basic  id<>a  W(.;re  yubtit jnltaJiy  the  !iamo  as  those  used 
abroad.    However,  sh.illower  replacement  dspth  ar»d  full  use  of 
local  materials  influence  cost  and  relative  difficulty  of  the 
work.    These  problexs  inace  replacement  depth  and  materials 
quality  still  sjblect  to  research. 

An  alternative  method  is  needed  where  it  1m  very  difficult 
to  obtain  standard  quality  replacement  in."it<!ri-ik;    n  I  ..  ire 
frost  is. too  deep  to  replace  economically  with  nonfrost- 
sueeapubla  amtsnals. 
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ItoDlaetwnt  DuoOt  and  Mattnal« 

Frost- heave  after  replacMMDt  It  InfluMtCCd  by  local  WttatllM'. 
subgrade  soil  properties,  giound-watcr  l*v«l,  and  available 

lor.-il  m-it<-ririls  [is].   Damage  to  a  pavement  v«Tl«>  with 

tralllc  conaitlons  on  the  route  concerned. 

In  order  to  Judge  Innst  suscoptibihty  of  sjn:l  or.d 
unscreened  gravel,  it  Is  important  to  classify  tho  (rost 
susceptibility  of  thoir  fine  fr.-ictions.        territory  frost-heave 
tests  on  sandy  soil  showed  ta,it  the  mori?  silt  find  c'.ny  the 
sand  coni.iins.  the  greater  Its  frost  susrf-ptibiUty .  rind  that 
the  phyiic-.5l  .ind  chemical  properties  of  thf:.-n!  finti  trrtctions 
have  the  grr.-itosl  inlluonco. 

According  to  HDB  speclllcatlons  ,  fmst  su-5cnf:tl  bi uty  of 
s^irjd,  uriscreened  gravel,  -ind  other  materials  is  judged  by 
thi'  w.Mgh!  pert-.-ntrtge  ol  silt  and  cl,;y  contained  m  the  sand 
(r.jrtion.    By  t>ur.  Rt.jnd.ird,  silt  and  cl.-.y  ire  considered 
Ev-orrptitiU-  lo  frost-he.ivp,  trr«spcc.tive  of  their  physical 
and  chemical  character.    Also,  thcu  allowable  conltint  '■■••at 
decided  in  view  of  the  fact  that  diliorentlal  frost- hoaves 
ccme  frcm  unexpected  segregation  of  fine  and  coarse  gralitt 
during  f-onstrurllon  «nd  th.=it  natural  traffic  during  the  work 
Ir.creasOL;  the  line  Ir.u;tlon.%- 

Our  cxpcrii-nrr-  on  t-oristrucDon  conliims  the  rultablllty  of 
sand  and  unscreeno gr.avel  that  conform  to  thr  standard. 
Specifications  should  be  modified  where  m-atonals  arc  not 
easily  .available  and  where  compaction  work  is  difficult. 

For  unscreened  gravel,  It  is  desirable  to  set  a  linit  on 
nonfrost  suscoptiblUty  in  consideration  of  the  whole  ijr  idin.7, 
particularly  the  ratio  of  sand  and  gravel  fractions,  even 
disregarding  the  L]uestlon  of  silt  and  clay  content. 

Volcanic  ash  is  locally  available  and  cheaper  than  other 
rtplactmant  materials:  therefore,  it  is  often  used  as  a 
nonfiost-auacapUblo  material .  Generally,  volcaruc  aah  hat 
slight  siuceptlblUty  to  trost-heavc.   According  to  HDB  tpcel- 
flcaUons,  fiatt  ■luceptlfalllty  is  Judged  fay  allt  contaat  uid 
igniuon  loM.  A  iMtiiad  that  oould  Iw  uMd  at  th*  alt*  !• 
naadad. 

Tba  ctsndaird  of  replacement  depth  in  HOB  specificatlona  la 
nUaU*  In  nost  cases  for  the  prevention  of  frost-heave 
t3,  16].  Depth  of  repleeement,  howav*r«  ahould  be  fixad  by 
ooiwldeilno  both  tha  float  af facts  toUoarlns  rapta«ainnt  and 
baartng  eapadtir  of  tiw  loplaoad  autataua  duifng  Hiaiwlna. 
AnUtost  affaets  «ra  Influanead  by  tha  klad  of  raplaeaaant 
natartal  and  its  depth;  ansiwad  bsarlns  capacity  duif  ng  tbawiiKr 
naads  fuithar  study. 

ChetTiical  Method 

Chemicsl  additives  are  not  the  chief  method  uf.ed  to  prevent 
Iro.si- henve  m  Hokkaido-    Use  of  chemlc-^ls,  however,  looks 
promising.  More  study  oi  the  chemical  method  is  needed  in 
tha  fbUswf ng  araaa:  W  Effaets  and  dwatfon  of  neaswea 


against  frost-heave:  (h)  improved  methods  Of  applying  chemi- 
cals for  treatment  of  a  subgrade  soil;  and  Cd  latlonal  methods 
of  applylao  eheatfcals  for  Impcovlng  laplacsiiant  aatarlala. 
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MINE  RAILROADS  IN  LABRADOR-UNGAVA 

R.  W.  J.  nnsft,  QmbM  Nordi  Shan  and  tetesdor  tollmy  Co.,  Canada 


Sine*  World  War  11  tha  mllitaty  algnliioanoa  of  th«  Arctic  and 
sub- Arctic  has  tended  to  overshadow  tha  aooiwaile'aspaeta  of 

northern  development.  Nevertheless,  In  tha  Canadian  North 

the  postwar  period  has  been  one  of  steady  economic  growth 
b,3?od  on  Improved  transportation  facUtUas,  an  expanding 
mining  industry,  and  an  incfMalDQ  dMMBd  for  loir>co*t 

hydroelectric  power. 

Until  recent  years,  most  mineral  discoveries  of  sufficient 
Importance  to  justuy  northern  mining  opt>;iitions  were  made  In 
areas  served  by  existing  transportaflon  routes— especially  the 
great  arterial  waterways  of  the  Mackenzie  and  Yukon  Rivers, 
at«l  the  strflteglc  highways  constructed  in  the  north  during  the 
war.   Areas  servt^d  by  the  transcontinental  railronds  provided 
some  ol  the  moat  Imp^ortant  mineral  discoveries,  hut  .ire  now 
considerec  to  bo  northern  only  in  the  sense  that  they  he  with- 
in the  northern  fringe  of  continuous  settlement.    Thus,  although 
the  mining  industry  h.is  always  made  effecUva  use  ol  avallabla 
transportation  lacilities  ,  only  rarely  h:is  It  COnMbuMd  tO  tht 
improvement  of  northern  communications. 

The  pattern  has  changed  during  the  past  15  years  as  the 
mineral  lndu.itries  hnve  become  more  directly  involved  with 
problems  of  northern  access  and  transportation.  Postwar 
damanda  for  Iron  ora  and  patiolaum  did  mtich  to  bring  about  tha 


change  by  stimulating  mining  and  exploration  activity  In  araaa 
ramota  Iron  astabllshed  routes.  Some  of  the  new  tranaporta- 
tion  facllitlas  required  to  sustain  this  activity  have  been  de- 
veloped by  the  mining  Industries,  notably  in  the  Labrador- 
Ungdv.T  Peninsula  where  Iron  ore  has  been  mined  since  19S4. 

The  Quebec  North  Shore  and  I^ibr.idoi  HaUw.Hy  (O.N. 3.  &  L.) 
the  first  major  railroad  In  this  area,  has  done  more  t.^ian  serve 
a  particular  mining  operation  in  an  Iscla'.ed  location;  ;t  has 
also  contributed  significantly  to  regloticil  development  by 
providing  access  to  areas  with  Important  mineral  jnd  water 
rower  resources.  As  knowledge  of  the  extent  and  potential 
value  of  these  resources  has  Increased,  .10  has  Lhe  demand  for 
more  roads,  raliroods,  and  «lrft«tds.   Alihnjgh  .-ill  ^jubsecjuent 
diivelC'prr.ent  has  taken  place  In  areas  to  the  south  of  Lhe  north- 
i-rn  term.lr.us  of  Q.N.S.      L.  Railway,  there  are  indications 
that  tr.cjre  nprl:ier ly  r<-sauic;i;3  may  eventually  be  exploited.  If 
such  devi'lop-Tie:,!:.;  do  materialize,  per.-nafrost  and  seasonally 
frozen  ground  will  beconu>  impiirtrtrl  i-conomit'  coaaldafBtlOlia 
in  the  fields  of  both  mining  and  transportation. 

Tht.i  paper  records  the  extent  to  which  subarctic  condi- 
lions  have  already  influenced  the  approach  to  railroad  con- 
struction In  Labrador -Ungava ,  and  deals  briefly  with  some  of 
ttw  maintenance  problems  to  which  frost  action  has  given  rise 


ng.  1.  Lalraidai»UiiBaivB.  roaotMoos  and  tniupoftatioo  fadlltios 
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during  th«  past  nin*  yMr«, 

HnioncAt  BMcnnovND 

Oeeupylag  man  Hm  onA^lghdi  of  Htm  total  tend  mm  of 
Cmada,  the  peolnnle  of  lateodor-Vngwa  oxtond*  from  tho 
■••lam  ahore  of  Hudson  Bay  lo  lha  Atlanite  Oeaan,  and  tnm 

tha  Gulf  o(  St .  Lawrence  to  HiidaonSntt,  PoUtloaUy.  it 
Mtfaraoaa  tha  greater  part  of  Qia  ftovlRco  of  Quabec  and  tha 
entire  mainland  (Labrador)  section  of  the  Province  of  Newfound- 
land, rig.  1  is  a  regional  map  which  shows  the  dtstrUnitMn  o( 
resource!  In  tha  peninsula  and  tbatr  relation  to  tranaportaUon 
facilities. 

In  ti:f  r»-(:.iri;i  :if  q<'::  !■  xj  jcd  I  'ravorsos  undcrtokfn  djrlncj  thc 
last  decjde  of  liit-  !9th  century,  recognition  was  giver,  to  two 
features  of  major  IniFortance:   The  pteier.jf  of  ii in -tu.u  Ing 
formations  In  the  Interior  of  the  (:<' riin.su In  ,  .ir.rl  •hr.  ilynlft- 
<?,i;K:;t;  of  Ihi-  rryl  m  ds  one  o(  tho  contor;;  of  PloUtrjcone 
glaclatlon.    PriDbloms  of  access  and  cotnmunlca Hon  caused 
these  features  to  attract  httle  scientific  or  commercial  atten- 
tion until  tho  advent  of  tne  <su^l,^n^>  .is  q  practical  means  of 
transportation.   This  stimul<j:i!:l  gi-:.h.»glcdl  explotatlor.  to 
some  extent,  but  it  was  not  until  :hij  end  of  World  War  11  that 
serious  attention  was  gi'/en  to  the  fcjsibilily  of  exploiting  tho 
region's  mineral  and  waterpower  resources.    At  that  time, 
Labrador -Ungava  was  stiU  virtually  unknown.   Economic  de- 
velopment was  restricted  to  the  north  shore  of  the  Cu!f  of  St. 
l.-.wre?K;e,  where  pulpwood  logging,  together  with  comirierctol 
fishing  and  subsistence  farming,  supported  d  numit>er  of 
isolated  settlements;  field  observations  recorded  some  50 
years  earlier  continued  to  serve  as  lha  most  reliable  guide  to 
the  interior . 

By  1949,  several  years  of  Intensive  exploration  by  mining 
Interests  had  establlshad  tha  importance  ol  an  area  close  to 
lat.  SS^N  as  a  poMntlal  source  of  dlract -shipping  Iron  ora. 
Construction  of  «  360  all*  lailioad  ayataai  with  aatoelatad 
tanalaal  faellltlaa.  dodca.  tonmattaa,  and  hydiealaetrte  po«*«r 
iMtallattena  bagan  duilnB  tha  foUa«rln0  yaar.  Major  atoal 
eonpaiUaa  provided  tha  naoaaaary  eapttal  for  davaiopmant  and 
tha  aaatiranea  of  long^tam  maikats. 

Intataat  la  Labrador'Unaava  bocaaia  nera  dlvarslfiad  with 


the  start  of  large-scale  construction  operations  and  tba  eon- 
sequent  .iri|  rovnmcnt  In  access  conditions.  Glacial  faaturaa, 

physlogr-Ji  ny.  vegetation  [  1  - ,  climate,  and  other  scientific 
aspects  of  the  region  have  all  received  attentlor'  ar.ii  :-ont:nua 
to  provide  sub|ects  lor  atjdy.   An  event  that  served  to  inten- 
sify interest  in  tho  ex(.  loraf.on  jnd  mapj  inij  of  the  Labrador 
portion  of  the  peninsula  occurred  In  1949  when  Newfoundland 
bacaaw  part  of  tha  Dominion  of  Canada* 

CUMME  AND  PBIUiMniOR 

If  the  50T  Isotherm  for  mean  July  daily  tetnft.'r.]!ure  is  accep- 
ted OS  the  southern  boundary  of  the  Canadian  A^ciic,  tho  only 
p.jrt  ol  L.jbrador-Ungova  lyi.nt;  within  this  climatic  region  is 
the  coastal  section  north  of  iat.  S7°N.   South  of  Hudson  Strait 
and  west  of  Ungava  Bay,  the  Arctic  zone  extends  inlar.d  for  as 
much  as  lOn  miles  to  include  an  area  with  ini(>;ir;rin:  umlevelop- 
ed  mineral  ri  'Source j,-  elsewhere  It  is  relatively  insiQnifi-.jnt. 

The  subarctic  region,  in  which  the  number  of  summer 
months  with  ri.eaii  daily  temperatures  of  more  than  SO"F  1.'.- 
crefl5iPa  fr;.:i.         to  lour,  extends  so jthv\.\-ird  to  in[:lude  the 
ren..i  ir.iier  i  !  thi-  peninsula  north  :i(  lat.  ':>':' 'i  .  Ujwer  latlludaa 
.jnd  ni.jrilimc  influences,  however,  cause  the  climate  of 
LjLrador -Ungava  to  differ  in  several  resp^ects  from  that  of  sub- 
arctic regions  to  the  west  of  Hudson  Bay.   in  general,  u  is  a 
climate  more  noteworthy  for  cool  summers  than  for  cold  winters, 
and  one  dutlngulshed  by  heavier  precipitation  and  fewer  hours 
0(  summer  sunshine. 

In  contrast  to  the  4U  or  SO  in.  of  inow  to  which  much  of  tha 
Canadian  Northwest  is  exposed,  mean  annual  snowfall  over 
the  greater  part  of  Lahrador-Ungava  is  about  IZO  in.,  but 
ranges  from  200  in.  In  tha  aoutheast  to  60  in.  in  the  northwaat. 
Mean  annual  rainfall  varies  firon  S  to  IS  In.  In  tha  northern 
lialf  irf  the  peninsula  as  in  other  suhaictle  faglons:  It  in- 
craaaaa  In  tha  aouth.  howavar,  and  amoonta  to  2S  In.  along 
lha  north  ahora  of  tha  Gulf  of  St.  lawtanoa.  ahorMr  dayUgbt 
hoora  and  the  eioudlnaaa  aaaoclatad  with  haavlar  pcaelpltatlan 
both  oontrlbuta  to  a  reduction  in  the  total  hours  of  auauaar 
aaaahlne. 

An  IndieatlMi  of  csllnaioloaleal  oondltleiia  la  piwudad  by 
ng.  2.  8Bpt  Uaa  la  the  aouiham  tanalnna  of  tha  Q.N. 8.  & 
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L.  Railway  on  th«  north  shoro  of  the  OuU  of  8t.  lammneti 
Schefferville  Is  the  ncrtfacrn  urmlnus  close  to  the  geographic 
center  of  the  interior  plateau  at  an  elevation  of  1700  ft  above 
sea  level.  Average  freezing  Indexes  based  on  32°F  for  thasa 
localities  are  2600  and  &100  respectively.  The  value  for 
Schefferville  u  ivobsbly  ropnaantottwa  of  a  broad  ana  of  tha 
Interior. 

The  first  practical  contrLbutlor. s  to  k.-ov/ludtje  of  thi.  <.'xt<.-nt 
and  distribution  of  permafrost  tr.  Labrador -Ur.gavii  were  cjsuji 
observations  of  frozen  ground  conditions  made  during  the 
course  of  the  exploration  and  developmenl  activity  tlint  pre- 
ceded current  mining  operations.  These  observations  fj:;vl;l<:;l 
a  point — the  moat  southerly  one  in  Canada  and  now  the  aito  of 
th<j  mlnir.g  town  nl  Soholliirvllle  — o:,  )  ci^p  Jrawn  by  Jenness 
In  1949  to  show  the  "ter.tative  so'jt.iorn  liiTiit  of  continuous 
permafrost"  l2.      In  a  later  map  .  '■>-',  pubhshoJ  .n  19S3,  the 
same  boundtiry  Ur.e  was  described  less  ptecisely  as  the 
"«ijprn>cl:n.nii.-  f..jui;iiT:-.  Utiiit  of  permafrost."  A  note  Indii^ated 
tho;  jru  js  (rt-c  of  pi-rmalrosl  occurred  to  the  north  ol  the 
boundary  but  were  of  limited  extent. 

In  1<J50,  the  same  field  data  had  been  used  by  Black  to 
produce  another  map  [4]  that  shcw<-:l       :.:;:titirujr!us  perrr.a- 
trost  In  Labrador -Ungava;  instead,  it  indicated  the  boundaries 
of  discontinuous  and  sporadic  zones.  The  southern  limit  of 
the  discontinuous  zone  was  drawn  approximately  100  miles  to 
the  north  of  Schefferville,  while  the  sporadic  zone  extended 
southward  to  within  50  miles  of  the  Gulf  of  St.  Lawrence. 

Tollowing  the  start  of  mining  operations  in  19S4.  It  grad- 
ually became  apparent  that  permafrost  in  the  vicinity  of 
SelMfferville  was  more  tirldesproad  ihan  hdd  originally  been 
■uppoaed.  Intaroat  in  tba  araal  and  vertical  extent  of  frozen 
graiad  M  dia  In*  Ore  Otmpmir  of  Canada  to  undertake  a 
program  of  ground  temperature  maasuremonts  which  provided 
the  first  Indication  that  some  permafrost  masses  extended  to 
depths  In  excess  of  200  ft.  The  data  obtained  were  of  value 
In  ooniMction  with  tha  davalopnant  of  now  erabodlas  and  pro- 
vldad  a  foimdatlon  (or  aubaa^nt  aMdi**  by  the  MoGlJl  Sub- 
itretle  Raaeareh  Laboratory  at  SchaffarvlUa.  Thaaa  atudlaa,  and 
Ihoaa  of  the  Dlvtalon  of  BulUbit  Aaaoareli  of  Ih*  NailoAal 
Raaaarob  Council.  Ottmra,  hava  naullad  in  Iba  pubUeatlon 
during  tha  paat  thrao  yeara  of  two  napa  aboaring  penaafroat 
dtatnbtttlon  in  tha  panlnaula. 

A  dlaMfaution  map  of  penaafroat  in  Canada  «pas  praaantad 
by  Broum  In  19(0  C'l*  ^  «paa  baaad  on  infacaiatlon  darlvad 
(ran  flold  obaarvatlena  and  reoognlMd  only  two  caiagartea  of 
patnaftoat:  Contlmioua  and  diaeoAtlnueua.  On  Ihts  nap,  tha 
saiw  of  cowtlnwoMS  paiaMftaat  bi  Labrador-Ongnw  waa  »- 
■brtetad  to  a  nairow  coeatal  ana  along  the  aboroa  of  Hudaon 
Strait  and  Ungava  Bay;  tha  aouthani  boundary  of  dlaoontlnuoua 
pannafroat  followad  tha  SSIb  paraUal  of  latltuda  elosaly  and 
was  drawn  only  aligfatly  to  dia  north  o(  Scbatfirvllla .  Both 
boundaries  have  been  raproduoed  In  a  general  way  on  Fig .  I . 

A  nup  oomplled  by  Ives  In  1962  [6]  waa  Itaaod  both  on 
nald  obiarvatlons  and  on  the  results  of  ground  temperature 
Investigations  near  ScheUerviUe .  Concerned  primarily  with 
effects  of  meteorological  and  surface  conditions,  these  in- 
vestigations [7]  are  incomplete,  but  they  have  led  to  interest- 
ing observations.   It  is  suggested,  for  example,  that  under 
the  subarctic  conditions  of  Labrador- Ungava  such  secondary 
factors  as  relief,  snow  tovcr,  and  vegetation  exert  a  control- 
ling influence  on  the  dovcl jpmi  n'.  and  [.n.-a(jrv.3;iijn  of  perma- 
frost that  Is  "compatible  with  contemporary  cH.-natlc  conditions. 
Significance  la  also  attached  to  the  effect  of  surface  condi- 
tions on  ihe  dlssrlbullon  of  relic  permafrost;  the  spread  of 
vegetation  following  deglocl  iUor  Is  concluded  to  have  been 
the  major  factor  In  degeneration  ol  widespread  permafrost  into 
scattered  patches  of  frozen  ground  in  a  state  of  uaatabla 
equilibrium  with  the  contemporary  climate. 

The  Importance  of  surface  conditions  is  of  special  signifi- 
cance from  an  engineering  and  mining  standpoint  since  such 
features  can  generally  be  mapped.  The  map  prepared  by  Ives 
Is  a  preliminary  attempt  to  use  this  technique  to  predict  the 
occurrence  of  contemporary  permafrost.  Mapping  was  under- 
taken largely  on  the  basis  of  vegetative  cover — thus  allowing 
Indlraetly  ibr  tha  affaot  of  anew  aGcwaalatlan— but  muidan- 


tton  waa  alio  givan  to  Itaa  Inftaanoa  of  topography.  Iha  loaa 
for  which  contaiaporary  patfliatoat  la  predicted  tneludoa  noat 
of  the  region  north  of  iat.  S5*N.  and  also  onbraeaa  nany 
scattered  areas  farther  south.  Areas  with  favorabla  mataoro- 
loglcal  end  surface  conditions  occur  even  In  the  extreme  south 
of  the  peninsula  where  they  generally  occupy  higher,  wind  - 
swept  elevations.  This  southerly  region  is  also  regarded  as 
one  in  which  patches  of  relic  permafrost  may  Occur  %rlth  no 
apparent  relation  to  existing  surface  condlt'.ons.  Cneountars 
with  scattered  permafrost  during  the  course  of  mining  and 
construction  operations  [8]  tend  to  confirm  these  predictions 
and  suggest  that  Labrador -Ungava  should  properly  Include  a 
zone  of  sporadic  permafrost  as  originally  proposed  by  Blade. 
Iha  aoudiam  boundary  of  thla  sona  la  alao  Indteatad  In  Fig.  1. 

MINE  RAIUKWIS 

Construction 

Reference  has  been  made  to  financial  participation  by  steel 
companies  in  the  development  of  mining  operations  in  the 
interior  of  Labrador-Ungava.  The  investment  of  large  sums  of 
private  capital  in  the  raibeada.  power  installations,  and  other 
facilities  upon  which  these  operations  depend  eauaaa  apaelal 
emphasis  to  be  placed  on  construction  schadulaa  and  comple- 
tion datea.  As  a  reault,  eoonomle  and  loglatie  oonatdaratloas 
an  of  priae  impoctaaea  and  tand  to  Influanoa  tha  approach  to 
technical  matters .  This  was  particularly  so  In  the  Initial 
lalnlng  davalopaMot,  tindartakiain  wban  than  waa  a  lack  of 
Infenaatlon  conoenUno  slmoat  eiwry  aapact  of  tha  region. 
Slnoa  opan-pit  minfatg  of  a  dlraot-flilp|4ng  on  waa  tha  objaot- 
twa,  no  banaflclatlaa  plant-^thK  than  cniahteg  and  soraanlng 
fadlttlaa— waa  Involwad,  and  fayftpolacinc  powar  raqubananta 
wan  ralattvaly  aaodast.  bi  tfwae  ctrounatancaa.  tha  provlalon 
of  a  360  mlla  rail  luth  with  Ae  north  sbon  of  tha  Gulf  of  St. 
iMiranca  npnnnHd  tta*  awst  important  phaaa  of  tha  davaloy- 
laant  program.  With  an  anticipated  production  of  10  to  15 
million  tons  annually,  than  was  an  obvloua  noad  for  thla 
link  to  be  conpletad  in  dta  ahortoat  poaaible  tlma.  Consiiuc- 
tlon  of  the  Quebec  North  Shore  and  Tiitirndor  Railway  bagan  In 
19S0  [9],  tracklaylng  was  oonpleled  early  In  19S4.  and  two 
million  tons  of  on  trara  ihlppad  during  Hm  firat  operating 
aaason.  The  average  coat  of  tha  work  waa  about  932S, 000 
per  mile . 

In  the  traditional  approach  to  railroad  location  and  con- 
struction, alignment  and  grades  are  established  with  the 
obfect  of  achieving  a  satisfactory  compromise  between  mini- 
mum distance  and  curvature,  and  minimum  earthwork  volumes. 
Tracklaylng  Is  not  necessarily  the  final  stage  of  construction, 
since  the  li.  xibii-  n  tijit:  if  .-.  track  structure  permits  grade 
lines  to  De  raised  apprccijijly  over  .1  F<>r!cd  -if  timfi.  Gener- 
ally, thi^  rr.uM  suitable  material  f::    n  ■  .  .i;-  'ji'  ■  i-;  be  econo- 
mtrally  h.su]ed  by  train,  and  placed  w.Ui  l.t^U;  :i,srupllon  of 
traffic.   Ixccpt  m  the  southern  inij  nuleLi       :he  ii/ute.  where 
njling  giadit;r,ts  and  rock  excavation  were  con'Toilinrj  l.tctors, 
thit  .-ipnroach  was  used  f  j;  the  O.N.S.  &  L.  Railway.    I;  was 
recoqnlzed,  however,  that  the  rallrnad  would  be  required  to 
sustain  unusually  heavy  traffic  from  the  cutset,  and  that  an 
extended  pr'jgram  of  upgradinq  was  therefore  undesirobli; . 

At  lea.'.t  during  the  early  stages  of  the  wor-i,  little  consider- 
ation wa given  to  flivcSdIng  p-::Cen!ially  uoublesotr.e  materials 
or  cor.dltions,  and  no  sutcijrtiire  inve-itiijainjns  other  than 
exploratory  borings  at  bridge  sites  preceded  ct/iiiiU^uctlon . 
The  earthwork  specification  embodied  none  of  the  usual  re- 
quirement:! lovering  the  selection  and  placement  oi  materials 
in  suijgradt-s  ,  and  n<i  dire:n  reference  was  made  to  tha  un- 
sultablllfy  of  frost- susceptible  soils. 

The  most  serious  frost- related  construction  difficulties 
occurred  in  19S3  when  completion  of  heavy  earthwork  in 
more  southerly  sections  of  the  route  released  a  great  deal  of 
earthmovlng  equipment  for  use  on  the  interior  Lake  Plateau, 
a  comparatively  flat,  drift -covered  area  characterized  by  a 
profusion  of  lakes  and  expanses  of  organic  terrain.  The  spring 
thaw,  a  lengthy  period  of  slowly  rising  air  temperatures,  was 
accompanied  by  the  datarloratlon  of  haulage  roads,  airstrips, 
and  roads  conalractad  during  the  vriniar  to  provide  aooeas  to 
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worklr.g  (..o;rits  ir.  muskeg  areas.   Tr:jubl<.TSomo  conditions  were 
aggravdteri  by  persistent  rain,  molting  sncw,  and  a  poorly- 
devi^  liij^.-d  :-,.5fjral  drainage  systen.    The  r-jfsulting  ilistrccj  In 
cor  struct  lor.  traffic  focused  attentitin  jn  thu  nvorc  siUy  siacial- 
drllt  soils  JttLi!  Ijcuiitrir-.o  :^illo  th-al  -.vcro  tjonerally  affected  and 
led  to  rocotjruttor.  of  t.-.clr  frost-susceptible  nature  [10].  It 
olso  led  lo  the  co.-.slder.itio.-,  of  s.j::h  pOtantlAl  BalnlMMOe* 
problems  as  frost  damage  and  Icing. 

Because  a  large  amount  of  constnictlon  equipment  was 
available  for  a  relatively  small  volume  of  earthwork,  the 
dilficultlos  encountered  In  this  area  were  not  reflected  as 
delays  In  the  construction  program.  North  of  MllApoit  ISO, 
where  little  grading  work  was  undertaken  bafora  A|irU  1953, 
tracklaylng  began  In  July  and  proceeded  at  an  average  rate  of 
ana  mile  per  day  until  the  northern  tenBllllll  wss  reached  In 
Fabniary,  19S4.  Whertever  clrcumtitdnces  ponnltted  during  this 
period  of  rapid  oonstruccion .  the  practice  of  balancing  earth- 
work quancitlas  In  shollcw  cut  and  fill  sacUons  was  abandonad 
In  favor  of  more  rational  prooedwas. 

Perhaps  the  most  inporiaRt  InuRovemanl,  eartainly  tha  ona 
that  contributed  most  to  Ilia  aIloitnatl«n  of  mlttlananea  dif- 
ficulties In  areas  whars  It  was  adoplsd,  Involvad  tba  wasting 
of  saturatad,  frost-susoapttbla  aoUs  in  cut  saetlons  and  Hialr 
axeavatlon  fdr  aavaral  Isat  bakiw  aubgrada.  Tba  praaanoa  on 
lha  liaka  Plataau  of  abundant  souroas  of  nonfroal*siMeapUbla 
BMtarlal  In  sakars,  kaaws  ■  and  olhar  annular  landtons  anda 
this  prooadura  posstbla.  SUioa  lono  hauls  wara  aoaMtlsMs 
Involvad,  howavac,  lu  usa  was  raatrletsd  to  sltuatloas  tn 
which  good  aeeasa  raada  and  haavy  haulaga  units  waia 
available. 

Aneibar  improvanaiM  that  aarvad  to  axpadlls  coastruetlan 
and  raditea  frost  daoiaga  Involvad  tha  tnatamat  of  asilMnkBiant 
teundatlona.  Tba  construction  contract  bichidad  moss  ca- 
aioval  as  a  unit  priea  Itan;  and  tha  spaelf  Icatlon  sUpuluad 
Ihai  raswval  ba  cairiad  out— unless  othaiwlaa  otdarad— In 
eases  where  the  depth  of  moss  was  greater  than  orve  third  of 
tha  height  of  the  embankment  as  measured  from  hard  surface 
to  aubgrade.    This  condition  was  found  to  apply  more  oftiTi  than 
rwt:  the  depth  of  moss  was  u.iually  about  4  ft:  it  was  alnost 
invariably  underlain  by  .^  k>05c,  si Ity- textured  till  or  a  highly 
frost- susceptible  silt:  mil  its  removal  was  always  responsible 
for  distress  to  constructior  equipment.    Since  the  material 
was  found  to  conso^idnte  rfip.dly  even  under  shallow  fills,  the 
p:.3cticc  of  jllowino  its  rfmov,il  was  generally  dlscontinuod . 
Durinrj  the  first  winter  of  opiT.ition,  the  presence  of  .i  layer  of 
cOTipro'-. i.tid  o:g.Linic-  njtcnj;  proved  to  be  cffcclive  m  ll.Tiltlng 
Itost  dd.Ti.irjt' ,  .-vcn  under  embankments  with  heights  of  ,-  5 
little  as  S  ft.    Damage  was  severe  in  cases  when;  iht?  r<>Tiov.il 
of  organic  matcri-:!!  had  caused  equipment  to  bf-t-orni'  nuti-i!  in 
saturated,  fine- gr.uned  sci.s  ,ind  whorr  •nirh  rxprdicnts  as 
corduroy  haa  been  n<-<:css.iry  in  order  to  prr^vidc  a  trafficable 
road. 

Pf^rmoirost  was  not  regarded  as  .^n  importrir.t  problfri' 
durir'.y  cor  struction  of  the  0-N.S.  &  L.  FLiilw.iy,  but  its 
presence  w,is  often  reporlfd  In  f^xt'.iv.-itloni:  tor  culvert  instal- 
lations  rin.d  communic.itlon- line  poles-    Since  nost  of  these 
excavallont;  wrrv  shallow,  11  was  soxjetimcs  difficult  to 
deternlne  whether  the  frozen  Tiaterial  was  pemrtfrost  or 
residual  frost  '.rem  the  previous  winter.    At  two  sites,  however, 
deeply  frozen  ground  contfiir.ing  rt  high  proportion  of  segregated 
ICC  W3S  responsible  for  local  construction  difficulties  in 
sh.illow  cut  sections.    The  sites  were  a  few  miles  apart  and 
approximately  100  miles  south  of  SchefferviUe  [9  i.   Both  in- 
volved silt  soils  in  the  vldnlty  of  lakeshores,  and  both  wars 
less  than  30  ft  above  present  lake  levalS'  It  was  naeassaiy 
to  drill  and  blast  to  a  depth  of  6  ft  lor  a  distanea  of  100  ft  in 
ona  casa,  and  50  ft  in  tha  other. 

Exparlanos  with  ground  tea  and  ftDSt*susceptible  soils 
during  grading  operations  In  tba  northam  part  of  tha  routa 
atlstulatad  Interest  In  the  deplb  of  frost  penetration  under 
various  oondltlaas  of  svrfaoa  eovsr  and  In  tba  rata  at  wbldi 
frost  could  ba  aitpaetad  to  Isava  ba  graund  during  tha  spring. 
Gmund-tanparatura  taistaUatlons  In  adjaoant  aisbantoant,  cut, 
and  'undtsturbad*  situations  wan  oomplaiad  Immadiatsly  In  ad- 
vanca  of  trstiklaylng  opantlona.  Tbaaa  Insullatlons  wan 
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oh'jerved  for  one  freeze- th<iw  sea.son    11       The  d.it.-i  irtdicatud 
that  the  probable  frost  penetration  In  nonliost- susceptible 
materials  would  be  about  6  It  in     typical  cut  section  and  10  ft 
in  a  high  embankment-    They  also  Indicated  that  thawing  of  the 
sut^jrnde  began  in  mid-May  and  continued  for  many  weeks: 
In  :hu  f,iM'  of  the  cut  section,  restd'i.'.l  frost  was  present  at  a 
depth  of  4  II  I:-,  the  ,.ilier  p.vt  ul  J.j-i-,  in  the  embankment  it 
pcrsUlca  at  a  depth  of  7  It  until  mid-July.   The  grcund  temp- 
erature measurements  also  provided  a  useful  indicaticn  o!  tha 
extent  to  which  frost  penetration  is  affected  by  snowplow 
operations ,  and  by  other  actlvttlas  that  affsot  the  dspdi  and 
density  of  snow  cover. 

Theae  observatluns  were  specially  valuable  In  the  final 
stage  of  construction  when  iroin-haul  methods  were  used  to 
raise  grade  lines  in  selected  areas.  Although  the  primary 
object  of  this  work  was  the  ellmlnattor.  of  sstgs  and  summits 
(hat  were  undesirable  from  lha  standpoint  of  train  operations, 
atleotlon  was  also  given  to  areas  considered  vulnerable  to 
frost  daaiage.  Grades  were  raised  as  much  as  4  ft  m  sosM 
loeatlona.  In  giada-ralslng  and  bank-widaning,  low  laswai^ 
attaas  provad  to  ba  an  advantaga  nthar  than  a  hsndleap; 
nnlat  pit-run  gtavals  that  wan  difficult  t»  dtaebsiga  from 
railroad  can  at  tanparatutas  batwaan  IS*  and  32*p  baeomtng 
pfograastvaly  aon  ita**flowiflg  and  aasiat  to  handla  at  lowar 

In  addition  to  profiting  from  eKparlaitoe  gained  dutlng  con- 
struction of  the  Q.N. 8.  &L.  Rslhvay,  subaaguaat  railroad 
eonatiuctlonopantloas  la  I^tndor-Vngava  hava  banafltad 
Horn  advaneas  nada  In  gansral  kaowladpa  of  tbm  nglon  and 
from  vastly  inprovad  fadlttlas  for  transportation  and  oom- 
aunleulcn.  nwy  hava  also  liaan  daatgiiad  to  aarva  mining  op- 
araUona  c<  an  aatlnly  dUfmnt  typat  Ona  ta  vAkli  tka  ova  la 
banaflelalad  baion  shlpawnl.  Ika  Haw  lavilnd  for  Oe  eon- 
struction  of  more  elaborata  Ihellltlaa  at  Aa  nina  siMa  and 
for  larger  byd-oelectrlc  power  davalopnsnts  eausas  sooia 
raductloo  In  lha  emphasis  placed  on  the  speed  of  railroad  oon- 
stnietioa'— although  rail  facilities  may  stlU  be  required  wall 
in  advance  of  production.  In  thasa  circumstances  It  has  baan 
possible  to  devote  particular  attention  to  tha  formation  of  road- 
beds that  are  subject  to  little  or  no  frost  damage. 

Several  operational  features  of  the  new  mine  railroads  point 
to  the  need  for  stable  roadbeds  that  require  .-.o  major  upgrading 
alter  Initial  grading,  tracklaylng,  and  ball.isti.ng  operations 
have  been  completed.   The  .Tiolsturo  content  of  urJuonelici.ated 
iron  ore  causes  i:  to  freeze  to  the  ln.^er  surfaces  of  railroad 
cars  during  winter  operations;  this  limits  the  length  of  the 
shipping  season  in  Labrador- Ungava  to  a  period  of  approximate- 
ly 20U  days  between  early  May  a.'id  late  Nir.-vnt.-: .    Since  thlS 
litnltatlon  does  not  apply  in  the  ease  ol  bcriclici.atcd  ores, 
wiilch  are  free- (lowir^g  at  all  temperatures,  t.he  movement  of 
ore  by  rail  has  ceased  to  be  a  seasonal  activity.    The  change 
to  year-round  operations  has  led  to  a  less  tolerant  attitude 
toward  frost  damaged  track  with  its  attendant  .ipeed  restrictions 
and  costly  winter  maintenance  re.)uirement s ■    Another  fcatura 
that  has  conuibuted  to  the  need  for  higher  construction 
standards  Is  the  increased  use  of  welded  rail  m  place  of  con- 
ventionally jointed  track.   Although  experience  has  demon- 
strated the  economic  advantages  of  welded  rail,  maintenance 
difficulties  are  Increased  rather  than  diminished  when  exces- 
sive lifting  and  lining  are  required.   The  advantages  are  only 
realized  when  roadbeds  and  ballast  sections  are  stable.  The 
desire  to  minimize  frost  damage  has  resulted  in  the  current 
policy  of  designing  and  constructing  roadbeds  to  modem  high- 
way standards,  with  rigid  specifications  covering  the  selec- 
tion and  placement  of  subgrade  soils.    The  earthwork  specifi- 
cation for  a  42  mile  branch  line  completed  in  1961  — using 
1000  ft  lengths  of  continuously  waldad  rail— required  that 
excavations  in  frost- suseaptibla  soils  ha  aottanded  to  depths 
of  8  ft  below  subgrade.   In  this  case,  a  frost- suseaptibla  soil 
was  daflned  for  practical  purposes  as  one  tn  wMdi  tha  Ik'ac- 
tton  passing  tha  200  mash  slava  axeaads  W> 

Ooantton  and  Malntonanea 

During  its  first  nlna  yaan  of  opantton,  tha  Q. M.  8.  &  L. 
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RaJhray  iwwInBd  in  mcvIm  eaiittaiioiM4r«  but  wm  nqulnd 
to  wttain  heavy  Baffle  for  laaa  Iten  aawaa  Beatha  aach  yaar. 

Tha  opaning  of  a  naw  mining  ana  tn  IMS  ■odifiad  Ihla 

pattern;  the  southern  half  of  (ha  fouta  now  eairtai  addltieaal 
traffic  that  ts  more  evenly  dlatrtbulad  throughout  tha  yaar. 
Tha  annual  moveinent  of  some  2S  million  gross  tons  over  a 
aingia  track  during  a  short  operating  season  calls  for  heavily 
loaded  trains— trailing  tonnage  of  about  16,000  tons  and  cars 
with  gross  weights  of  12S  tons— and  causes  special  Importance 
to  be  dttjrhvd  •::  ■_rif  ,-rr:''rrT,jr.CL'  cf  rail  and  other  track  com- 
ponents.  In  these  cucurcstances  curvature,  gradients,  and 
mechanical  and  metallurg ii  m I  ii-,;.firts  d!  thi-  tr.ick  structure 
have  emerged  as  critical  loctors  in  maintenance.  Although  the 
effects  of  subgrade  support  and  ballast  stability  are  nni  ur.c.jr- 
estlroated.  It  Is  significant  that  rail  damage  appears  to  be  more 
closely  relatad  to  ourvatun  and  gradaa  than  to  raadbad  eoa- 
dilions . 

Frost  damage  to  tha  roadbed  of  the  Q.N  .S  .  &  L.  Railway  is 
restricted  almost  entirely  to  the  northern  l&u  milt-s  of  the  route, 
a  taction  which  carries  no  winter  oru  traffic .  A  fair  indication 
of  the  extent  to  which  i!  affocts  operations  Is  shown  In  Fig.  3. 
This  chart  leiers  t::  a  40  mile  section  over  Which  frost  damage 
is  regarded  as  severe;  the  speed  restriction*  are  those  applied 
on  a  week -to -week  basis  by  authorities  responsible  for  the 
maintenance  of  correct  surface  and  line.  Since  no  rigid  dimen- 
sional tolerances  are  nannally  specified  In  treckwork,  "correct 
surface  and  line"  Is  understood  to  mean  that  track  is  consid- 
ered to  be  in  safe  condition  for  the  passage  of  trains  at  autbar- 
Uad  speeds.  Permissible  speeds  are  40  and  SO  mph  fcr  loaded 
and  empty  ore  trains  respectively,  and  60  mph  for  trains  la 
passenger  service.  Fig.  2  indicates  that  spaed  leslrlettaBS 
were  in  effect  over  sooM  part  of  the  track  be  tureen  Mllapoit  270 
and  Mllapost  310  for  a  period  of  26  weaka  In  IMl,  and  that 
tha  early  part  of  tha  ore  shipping  season  wna  affactad.  DMiIno 
that  yaar .  dUfarantlal  haavtag  la  dils  aiaa  raaidMd  a  naxInuB 
of  0.4S  ft,  but  was  ganarally  about  O.SS  ft.  Rail  ahlnnOng  to 


. .  1  ,  i  , , 

I  .  1  .  1  1  J  1    i  i  L  1  i  1  1  1  1 

\\\\A\\\ 

DATE 

Jon  4  

_Jon  11   

be 

Jon  IB 

no 

Jan  25 

90 

Sc 

F»b  1 

so 

V 

F»b  e 

so 

-■  ICi 

Fah  IS 

yc 

F«fc_a2  

Mereti  1  

JO 

V 

March  a 

>Li 

MarctilS 

if 

—  —    -*  ' 

kkrchZZ 

» 

Moichag 

so 

so . - 

April  5 

JO 

■  »  .-■ 

April  12 

so 

'so..-- 

April  19 

AprM  26 

Mey  3 

-  ^ 

Moy  10 

¥«  17 

r 

May  24 

MoySI 

^^^» 

June  7 

Jivi*  14 

If 

Junt  21 

JuneZB 

Julvft 

210        2w        tto         300  aio 

MUSS   iw   test  lies 


n«.  8.  flpaad  taatrtetkma  dua  to  ftost  daauga.  I9tt 


•Italnata  abntpt  changes  la  alavatlea  was  ra^iulnd  a<  oany 
flttt'^Ul  ttanaltlona.  in  aoina  cut  sectloas,  and  on  a  faw  low 
•nbankBonta .  A  oentlauing  program  of  roadbed  Improvement 
tnnelwaa  bank  trtdanlao.  partodlcal  lifting  of  track,  drainage 
■Maauraa,  and  excavation  and  backfilling  of  some  of  the  most 
severe  frost-heave  sites.  In  addition,  experlmantal  use  has 
been  made  of  spent  sulphite  liquor  and  sodium  chloride  as 
means  o(  Croat -haava  control.  In  view  of  the  objectionable 
oonsaquanoas  of  saturating  a  subgrade  In  which  excess  mois- 
ture Is  a  problem  during  the  greater  part  of  the  maintenance 
season,  common  highway  salt  is  considered  to  be  the  most 
satisfactory  addlllve;  ll  ts  now  used  extensively  during  the 
course  of  ballasting  operations,  and  is  applied  directly  tc  the 
rsjdtcd  ;r  f  '.he  bjUast  section.   Experlmfntiil  jS<-  has 
tjfeii  of  ^).•i^.ll,^l■--^ni^Jrl^^rlrt^ed  ballast  with  o  seal  coat  designed 
to  prevent  the  ir^ress  of  surface  water  during  the  frost- melting 
period.  The  maintenance  of  frost-damaged  track  treated  in  this 
way  is  troublesome,  but  thu  trcatmunt  Is  banaftCial  la  oaias 
where  differential  heavinij  does  not  occur. 

Apart  from  its  effect  on  -.he  roadbed  of  the  Q.N.S.  &  L. 
Railway,  frost  action  h  is  Ix'tm  roaj^oniiibiu  lor  a  number  of 
local  difficulties  ,  bu:  :cw  xa)or  problems.  At  sites  where 
isolated  masses  of  permafrost  were  encountered  during  con- 
struction, experience  has  Indicated  that  excavation  did  not 
result  In  complete  removal  of  the  frosen  material.  Pronounced 
subsidence  occurred  during  the  first  years  of  operation,  and 
some  sites  still  require  from  6  to  12  In.  of  additional  ballast 
each  year. 

To  expedite  railroad  construction,  temporary  timber  trestles 
ware  used  for  short  river  crossings.  No  attempt  was  made  to 
protect  plies  from  seasonal  frost  damage,  and  the  emount  of 
work  required  to  maintain  line  and  grade  across  these  struc- 
turas  led  to  their  nmoval  during  the  early  years  of  operation* 
In  iBost  oaaaa  they  ware  replaced  by  multiple  installations  of 
larga  dlaoMtar  eomigatad  metal  pipes  or  arches;  thasa  hava 
parfbmad  aatlafaetorlly  in  oil  respects.  At  ona  long  bridge 
over  a  ahallcw  water  site  close  to  the  northom  tenalinia,  the 
penetration  of  freezing  temperatures  into  hIRhigr  ftoat*attieap> 
tibia  rtvarbad  malarial  and  tha  growth  of  rlvar  icings  durlno 
lata  winter  wan  raspanalbla  Cor  iha  heaving  and  tilting  of  ona 
of  tta  oancrato  iilara.  In  a  typloal  winter,  Oia  ttack  cloaa  to 
Dia  cantar  of  dw  tarUga  was  affaetsd  by  a  aliort  Iwava  of 
appraxtaataly  0.5ft  and  was  dlsplaead  lataratty  by  a  almtlar 
amemit.  Raaadlal  maaauraa  laelttdad  aaoavatlag  malarial 
aronad  pUaa  to  a  dairth  of  B  ft  balow  the  rlvar  bottom  and 
iBootpcwttiig  S  ft  of  organle  awtarlal  in  tha  baokfUl  aa  a  iroat 
bairlar.  To  roduca  diffleultlaa  oauaad  by  rlvar  lolaga,  a  batiar 
of  1  to  3  waa  jaovldad  on  the  sUaa  of  Ilia  pier.  No  fiiritiar 
boavlng  baa  baan  laportad. 

Jolntad-  and  flaswed-iOGk  fbnaatloas.  high  ground-watar 
taUoa,  and  mibwil  cottdlUpna  oondttctiva  to  sida-hltl  saapaga 
preaant  aituatlona  In  tehldi  fadag  difficulties  may  develop  tn 
Labrador-Ungava.  In  ganaral,  tioublasoaia  conditions  can  be 
anttdpatad  and  eorractad  by  drainage  Inproveoients .  Icing  has 
been  a  severe  problem  for  the  Q.N.S.  &  L.  Railway  only  in  a 
few  rock  cuts  and  In  one  tunnel.  Heating  cables  placed  long* 
Itudinally  In  side  ditches  have  overcome  most  of  these  diffi- 
culties. Where  seepage  is  present,  Ice-lenses  develop 
tK.^r,r  i;h  '.hit  surface  of  cut  slopes  in  banded  sllty  clay  sells 
and  mjy  cjuse  troublesome  sloughing  during  the  early  part  of 
the  spr.ng'  this  coiiditlor.  is  relieved  by  blanlBttlng  "WinWflbte 
soil  formations  with  granular  material. 

Ice  obstruciicn  of  culverts  having  small  diameters  Is  a 
persistent  problen.  thiit  requires  thawing  each  spring  by  a 
portable  steam  plant.   It  Is  currunt  policy  to  regard  35  In. 
diameter  pipe  as  the  smallest  size  suitable  for  any  culvert 
laatallation. 

C<»iCLD8I0N 

Capital  lavoatamnt  in  Labrador-Ungava  during  the  past  IS  years 
amounts  to  almost  S2  billion,  a  large  proijortion  of  which  has 
been  used  to  build  transfxirtatlon  facilities.  This  Investment 
has  resulted  In  Improved  cooimunications  and  advances  In 
knowladga  diat  will  Inavltabty  lead  to  furOiar  davalopsMnt,  It  ■ 
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has  also  dlmlnUhed  the  inpoitanoe  of  tairaln  and  climate  as 
Mrious  obstAclet.  The. region  is  (hus  one  of  tho»e  most  likely 
ID  benefit  from  current  interest  in  the  improvement  of  te6h- 
ntques  for  civil  engineering  works  In  pennefrost  end  taaaonelly 
froMn  ground. 
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GUIDES  FOR  ENGINEERING  PROJECTS  ON  PERMAFROST 

B.  S.  raiUBO,  PhiUeo  Engineering  and  Arehlteetural  Saxvlea,  Alaska 


Permafrost  can  present  problems  to  every  .-nginccninj  projeci  ir 
the  Arctic  or  su!j-Arctic.    To  n.  i  solv"  tr...-  ;■■  |.tnl;lvn^ 

the  engineer  should  first  invesCi^alc,  then  consider  the  follow- 
ing possibilities:  Vacate,  separate,  ellnlnate,  insulate, 
cooperate,  and  create. 

INVESTIGATE 

No  engineering  project  in  the  Arctic  of  any  kind,  size ,  or 
scope  should  ever  be  undertaken  without  first  making  a 
thorough  permafrost  invesugation.  Whether  it  be  a  eetelllte- 
tracMng  antenna  or  e  fence ,  the  presence  of  permafieat  can 
make  a  vast  difference  in  the  design,  location,  permanence, 
appearance,  and  cost.  Generally,  the  larger  and  more  complex 
the  project,  the  more  extensive  the  investigation  should  te. 

There  ere  many  ways  in  whIOh  an  investigation  con  be 
undertaken.  In  some  Arctic  areas,  detailed  maps  have  b<;on 
made  showing  the  location  of  permafrost.    This  type  of  map 
has  been  prepered  by  Troy  Pewl,  University  of  Alaska,  show- 
ing oecuirsnce  of  permafrost  in  the  Fairbanks.  Alaska,  vlclnltjiii 
The  map,  publlahed  by  the  U .  S.  Geological  Survey,  hea 
proved  useful  to  both  ctvlUan  and  atiUtaiy  englneera  in  the 
Fairbanka  area.  Had  such  a  nap  bean  available  earlier,  many 
atruetural  failures  in  this  area  flUglH  have  bean  avoided. 
CertaliUy  an  engineer  contemplating  a  project  In  the  Arotle 
shotdd  seek  out  end  study  all  available  permafrost  maps. 
Ilwra  is  a  great  neod  for  more  such  atapa  eapeclelly  in 
populated  areas. 

Alrphotos  can  be  vary  useful  in  deteeting  penaafioat.  The 
Intenwetatlon  of  alrphetes  to  spot  pannafiost.  or  the  lack  of 
it.  la  convlex  and  requires  a  trained  and  experlanead  eye. 
Many  features  that  appear  In  a  photo  may  Indicate  the  aidat- 
enee  or  abseneo  of  psmaftost.  Penoafrost  anas  on  a  photo 
are  most  easily  soon  If  nonparmafrost  areas  are  oontraated  on 
the  aama  photo. 

If  permafrost  occurs  near  the  surface,  II  nearly  always 
retards  trse  giowth.  UUs  is  vary  evident  in  east-wast 
valleya.  where  naar-surfaoe  psnaafmst  on  the  shaded  aouth 
side  supports  only  stunted  spruoe  end  othor  small  bruah.  while 
tha  aunay  north  side,  whsre  frost  is  deep  or  nonexistent, 
auppofta  away  trees.  Often  a  photo  showing  an  all-peimaboat 
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area,  or  one  showing  an  ail-lhawnd  area,  is  ditiicjlt  to  read. 
There  is  no  contrast,  and  unless  the  photo  shows  definite  and 
distinct  signs,  It  cannot  be  considered  conclusive.  Deep 
pertr.rtfros!  Is  very  difficult  to  identify  from  photos. 

Vf>g(>ifition  is  one  of  th(>  simplest  wriys  to  detect  pennafrost 
which  occurs  near  the  sur(.jc«.    Birch  seldom  thrives  on  frozen 
ground  and  spruce  Is  usually  stunted  ond  scrjbby.    TTils  is  not 
always  true,  since  birch  and  big  spruce  will  both  do  well  over 
clt?ep  permtifrost.    The  app-oarance  of  sink  holes  or  pot  holtss  Is 
:.5^.!lly  v.jr/  conclualve  "viicnca  that  permafrost  oxi'its. 
Thi-'  !■  hol,T,  '.re  most  ortcr.  obf;rPi'cd  ir,  clpared  areas  where 
■:;^l.ir  hiMt  i;  .•  I  lov.>-J  to  iti  irk  '.hr  :tc;.;.    Ihf-y  are  usually 
lormed  by  the  m<!llinia  o!  ico  rnn.-isus  which  are  buried  at  a 
shallow  depth  and  arc  thawi-d  by  solnr  he^il  when  the  insulat- 
ing vegetation  has  been  removed.    The  appearance  Ol  poly- 
gonal structures  in  an  atrphoto  is  vety  easy  to  detect  and  ia 
evidence  of  peim.ilro.>;l . 

Plngos,  Ice  mounds,  ntvd  peat  mounds  are  easily  distin- 
guished on  alrphotos.    They  consist  o(  rounded  mounds  of 
besvadtip  material  and  are  coused  by  ground  swelling  or 
hydrostatic  pressure  and  subsequent  buckling.  "Drunken 
forests"  are  tilted  trees  caused  by  the  heaving  ol  the  ground 
on  which  they  grow.  All  these  features  indicate  the  presence 
of  froat. 

Geologic  napa  aio  vwy  uaeful  In  the  study  of  penaaboat, 
since  some  deposits  are  nofe  suseepttble  to  host  than  others, 
and  the  occuirenoe  of  ftost  in  some  dopestts  ean  be  nu^  more 
trouUesooie  and  difficult.  Direct  surftwa  study  ean  be  very 
useiiil ,  but  pennaftost  is  swra  eaally  studied  hon  a  plana  or 
helicopter.  Ihe  same  erltana  as  discussed  In  the  peregnph 
on  alrphotos  can  be  uaeil.  Walking  over  an  area  can  be 
helpful,  even  If  the  view  is  linUted. 

All  Of  the  foregoing  awtboda  may  detenntfie  the  presenoe 
and  extent  of  peimahost  but  will  not  reveal  its  character  and 
depth. 

Hast  pits  are  useful  in  leeaung  ahallew  parmalkoat  doposit& 
TOat  pita  allow  the  Inrastigalor  to  obauve  fMst  and  its  In- 
place  condition  at  dose  range.  Test  pits  are  limited  in  extent 
end  expensive.  It  Is  usuelly  ImprectloBl  to  sink  a  teat  pit 
deeper  than  19  to  IS  ft.  althoogh,  early  Alaskan  gold  miners 
sank  sbefts  in  and  through  frozen  mudc  to  depths  of  SO  or  SO  ft. 
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Gold  mumn  iwiwUy  ctMn-tiwwsd  Aafts  br  diMno  mmm 
polnit  Into  th*  tmmi  and  tiwwiae  S  or  •  ft  «hiMd.  flwfts 
wan  marly  slwfty*  ertbM  if  thay  wan  aKpacfd  to  atay 
opan  for  long  or  it  tbay  paaaad  ilirouah  any  tfunrad  layan. 
Toat  pitting  la  uaually  nplaoad  by  drillliia,  or  proUng,  wMcb 
Is  much  faaMr  and  alnplar«  Iwt  aavally  doea  not  offar  tlw 
advantaga  of  flrat-liand  obaanwtton.  Drtlllno  or  proUng  will 
lodtoat*  dapdi  to  tba  top  of  ttta  dapoait  and  axtant  ot  tho 
dapoalt  for  ihallow  tioat. 

DnlUng  la  tbe  moat  ooaunon.  dapandable ,  and  varaatUe 
nathod  Itar  aiaplorlng  pamafroat.  Savaral  typ«t  of  drllla  may 
ba  uaod  In  pwmatroat  a9q»laratlo««  but  elwm  and  angar  ditlla 
aaa  dw  nwat  popular.  Hm  avgar  drill  Iwa  tha  advantago  of 
obtaining  dry  aamplat  mora  aaally.  but  la  Unltad  In  dapth. 
A  faw  of  tha  vary  larga  augar  drllla  aia  eapatda  of  drilling 
telaa  24  to  30  in.  in  dla«  BaOi  a  Wm  baa  dm  adinntaga  ot 
aooonmodaUng  a  nan  ae  dwt  tho  aldaa  of  tha  hola  ean  im 
aicamlnad  in  place.  Samples  tRangbt  np  by  an  augar  drill 
fsonalatoi  ground,  dry  material  whl^  can  be  axaadnad  and 
Idantlflad.  Some  ohum  drlllt  are  equipped  with  ]ar$  dnd 
drlva  aampla  aquipmant:  whan  so  squipped.  the  drill  can 
uaually  obtain  dry.  ung round  eora  lamplas.  depending  on 
holo  dapth  and  material.  A  chum  drill  must  drill  In  a  wet 
hole.   Therefore,  If  )ars  and  drive  samplers  are  not  used,  the 
samples  obtained  are  wet,  making  moisture  content  and 
correct  temperature  Impossible  to  obtain. 

In  any  drilling  program  to  investigate  pcrmjirost.  a  corr- 
plctc  ar>d  detailed  log  of  cjch.  holo  shouiJ  bo  kept;  gU  depths 
should  be  reduced  to  elPVritions  above  or  below  a  dfitum.  to 
f.3cuitrite  conp.ir^ior.  of  alffcrren'.  holos  iiid  to  rnlati-  drjU 
loc;s  to  constructiCi  drtiw iriq'j  a-'iC.  topogu-iph^c  r'i>jpa.  Logs 
should  noti-  ri.l  char<gi}s  in  types  of  materials,  giain  sizes, 
moiatutc  content,  density  changes,  colors,  and  changes  from 
unfrozen  to  frozen  state  and  vice  versa.    Cach  material  type 
should  be  sampled.    Samples  should  be  taken  dry,  if  possible; 
should  t«  carefully  examined  in  the  field  when  t*ik<u.;  ir:d 
should  be  carefully  packaged  in  moisture  proof  cor.t^inffi  and 
labeled.    Temperatures  in  drill  holi  s  shojlti  Ix-  t^kon  it  vary- 
ing depths.    Tor  construction  purpt'sos.  tcT,p.?ritures  are  very 
important,  since  frozen  material  ne.ir  the  ihAwlnc;  temperature 
could  thav;  jnd  settle.    For  this  riMson.  co.Tiplele  iro:it  d.it.^. 
to  a  depth  we.l  b<"!low  the  corsttui-dor:  lo.indatlon  depth  should 
be  oni.'.med  .    S-mp.iv;  should  be  !'y..irr.l:.iM!  c.irpfiil  ly  .  ,■•  n  i  ly /.<•:! , 
am:  Icstod  in  .i  l.'.horatory ,  r  gprr;.i;  ly  Un  xE^istur'-  content  -nnd 
grain  size.   If  the  soil  Is  used  as  a  foundation  material  In  Its 
fhaiwad  atoto,  all  ordinary  aoU  taata  ahouM  ba  run. 

VACATE 

Whara  parawfroat  la  aneountarod.  uaually  the  best  advice  is  to 
vaoata  lha  alto,  axoapt  In  ran  inatanees  where  parmaboat  can 
ba  uaed  to  advantage.  This  will  be  discussed  later.  Mora 
ofton  pomafitost  presents  difficult  and  expensive  problems. 

To  vaoata  may  mean  a  move  of  only  a  few  feet.  'A  good 
progran  of  lovaatlgatlon  will  determine  whether  a  move  is 
(aaalbla.  In  the  case  of  a  highway  location,  a  rerouting  of  a 
fow  miles  would  Increase  construction  costs,  but  would  pay 
off  many  times  in  savings  on  maintenance.    In  this  regard, 
the  future  is  a  factor  to  be  considered,    ^tiuL.-.  jrcs  should  be 
located  to  avoid  parmafrost  and  oriented  so  that  possible  future 
additions  would  also  avoid  tha  panaa&oat. 

flBPJniOK 

Where  it  is  Impossible  or  unfe,i5:ible  to  avoid  frost  com  .etcly 
or  to  vacate  the  site,  sep.-irritiori  cin  be-  .ichleved  in  other  ways. 
Tr.r  ctinstruction  o;  ;i  buildjri.g  .i:x:;vi-  gr.jiic  on  piling  achieves 
scpjration,    Insul-.tion  fron  'ro-;t  njy  .d  I  so  t.?  considered  as 
separation. 

The  separation  pnncipl-:  ;s  used  ir  nirir,y  permafrost  struc- 
ture;..   D<-siynlng  a  heated  buildinc;  hiqli  eriouqh  to  prevent 
he,ii  tr.jnsler  into  the  frozen  .jround  hern  tjvr:,  l-  jcccssful.  The 
stri;c:t'„rc  needs  free  move:neni  ol  .-dr  under  it,  even  when  snow 
piles  high  around  a.   This  air  helps  to  dissipate  heat  lost 
through  the  building  floor,  and  tha  oold  air  undar  (ba  buUdIng 


firaaaaa  dw  ground  In  wlntor.  lha  building  ahadaa  tha  ground 
in  autamar,  ratarda  thawing,  and  kaapa  tha  inaulatmg  aaow 
layer  from  building  up  on  tha  ground,  proaotlng  daapar 
aeawwial  frowdng. 

At  Ballalna  Lako,  noar  tha  UnlvaralQr  of  Alaska,  a  aatolllto 
tracking  atatlon  waa  oonatruetad  on  ateal  pllas  to  kaap  the 
warm  building  off  the  ground.  Additional  separation  waa 
offactad  fay  alaavoa  plaead  anund  tha  pUaa  wham  they  paaaad 
through  tho  aetiva  (mat  layart  tha  annular  vaee  hawraan 
alaovoa  and  pUea  waa  filled  with  an  oil-wax  ntfxtura. 
iMiaatMl  atructwaa  buUt  over  penaalioat.  by  their  shedlng 
and  liundattng  <dwrai6lartatlea<  awy  eauae  penaaftoat  growth 
and  Buhfaquant  heaving. 

SUMlNMtK 

Pannatiest  can  be  ellminatad  eoonoaiicslly  when  It  occurs  In 
relatively  small  quantitiaa.  Froat-lenaas.  frequently 
aKcavated  or  thawed,  are  removed  completely  from  the  site. 
If  frost  Is  thawed  arxl  the  material  is  left  in  place,  great 
care  must  be  taken  to  ensure  complete  compaction  of  the 
thawed  material.  Elimination  can  aonatlaiea  be  COBddned 
with  separation  and  insulation. 

INSUIjME 

Frozen  earth  makes  in  excellent  structural  foundation  mritenal, 
but  the  problem  ;s  to  presert'e  it  i.i  a  frozen  rta.te.  Insulation 
or  the  prevfntion  ol  hr.it  tr.^r.slor  into  Irozcn  matcriol  main- 
tains the  frost  in  its  oriyinal  and  useful  state. 

In  many  Arctic  recjions  moss  occurs  in  thick  layers  and 
insulates  tho  soil  just  below  it  frorr.  r.jrr.rr.er  heat;  thus  per- 
mafrost exists  .^t  the  no.ss  roGia  all  year  aroiind.    This  frost 
may  often  l;<_:  iisod  3:;  j  (fuir.d.ition.   Highway  engineers  have 
built  roads  above  this  moss,  taking  great  care  not  to  disturb 
It.    Often  they  not  only  preserve  the  insulation,  but  .ilso  add 
to  it  by  piling  brush  and  other  debns  on  top  beforr:  ihr-  griivcl 
IS  placed.    If  the  moss  is  to  be  le:t,  clearipjj  .should  Ix:  d<jriO 
by  hand,  as  wheeled  anc  tracs  vehicles  kll,  the  nc-js.  This 
construction  method  wa.s  .jsi-d  on  .1  s:ri.-..l  .iirptirt  project  at 
No.-itak.  Al.iska,  with  sorrc  licyrc.j  ot  success.    Although  the 
iiiporf  d;d  detencrate,  it  was  apparent  that  the  problem 
spots  occurred  first  where  moss  had  been  disturbed.  Separa- 
tion IS  a , so  a  form  of  inauUtlon aa  It  prevents  heat  Oew into 

the  frozen  qrourvd. 
COOPERATE 

Perhaps  the  best,  easiest,  and  often  cheapest  way  to  deal 
With  permafrost  is  to  live  with  it,  cooperate  with  it .  .-nd  even 
use  it  to  ad-zantage.    Many  succosslul  strucl.jrcs  h.^ve  been 
built  on  piles  driven  and  frozen  into  permafrost.  Ordinary 
piling  in  perroelrost  requires  two  precautions:  First,  to 
preserve  the  pemafloati  and  second,  to  elladnate  aeaaonel 
frost  action. 

Several  things  may  be  done  v.heri  u.s.rva  puhr.-j  k,  pi-rmafrost 
to  preserve  the  per:i',atrost .   Noncron-ductivi.  motrriai  such  as 
wood  car.  be  usi-l:  foi  the  piling.    .Surface  m^css  can  be  kept  In 
place  to  provide  in»ule>!lon.    .Stiarturcs  c-an  be  bui.t  off  the 
ground  to  stop'  heal  flow  into  tho  yroun-J;  this  permits  free  flow 
of  an  under  tikuldlnqs  and  active  layer  reireezing  every  winter. 
Another  method  which  apparently  has  never  been  tried,  but  may 
b«  feasible,  is  to  u  .i'  pipe  for  piling.    The  top  Is  arr.3nged  50 
that  it  is  open,  or  at  so  that  there  arc  openings  to  the 

atmosphere.    During  br.ow  frreziryj  weather  a  small  tut>:>  could 
b«;  dropped  down  tho  insid-:  of  the  pile  and  a  vacuum  created  at 
the  top  of  the  smalt  tub-r.    This  var  u  jm  would  exhaust  th«  air 
from  the  top  of  the  interior  tubi'  nt.d  tha  e:<lia..s;  .lu  would  be 
replaced  by  the  .••.ir  b.jlow  it  ;ti  thi>  tubi',  c-re,\;u>j  ,1:1  up  current 
1.';  the  tube  and  ..xhaustlnc;  the  Kutnn  o;  the  larjc  pipe  pile, 
drawing  cold  air  down  th._'  l.irye  pipe.    This  wculd  absorb 
ground  heat  and  freeze  the  bottom  of  the  pile  into  the  ground, 
Thi.?  meth;>r!  could  lie  used  to  create  permafrost  in  unfrozen 
grcurd.    A  fow  inconclusive  tests  were  tronducted  by  thi,; 

author  with  makeshift  equipment  in  the  spring  of  1963,  and 
results  eppearad  to  wanant  fuither  experlmenta.  At  outdoor 
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temticraturos  of  nn'.y  -  '.  7  F,  a  househoJd  vacuum  cleaner  was 
used  to  lower  the  temperature  in  the  lower  end  of  a  6  ft  long, 
2  in.  dia.  pip<>  from  46  IP  30"F>  TIw  •xpwtawnt  wbi  mt  UP 
as  shown  in  Fig  .  1 . 

Many  methods  have  boon  devised  to  prevent  hcavlny  jction 
on  piles  by  the  active  layer.    This  is  usually  done  by  provid- 
ing J  sleevG  iround  the  pile.    A  method  used  several  times 
with  sjcceBs  employs  an  oversized  pipe  sleeve  (Fig.  2). 

Care  must       l.iKt^n  to  f'linir-ite  thi";  ctmrici!  ot  lri'r-,i.i lile 
(oreign  mattwt  potictrjtinij  tho  -innuljr  sjiacc  bftwcnn  the  pile 
and  the  sleeve.    A  mixture  of  Ton.-3n  V/ax  und  Mer.tor  2H  Oil, 
which  can  bp  poured  hot  and  forms  a  Vaseiirw  consistency 
Jelly,  has  been  .^sed  successfully  to  fill  this  annular  space 
and  thus  prevent  intrusion  of  matenn!  thdt  might  freeze  and 
form  a  bond.    This  method  was  u.ied  vi'ty  juccessfully  In  t>M 
construction  of  a  satellite  tracking  station  near  College, 
Alaska.    Each  season  the  sleeves  heaved  as  much  as  I  ft  and 
had  to  be  driven  down  again,  but  no  pile  movement  was 
observed  [ ll. 

The  d)«nnoplle  invented  end  devetoped  by  Eiwui  Long, 
Anchorsg*.  Alaska,  (and  discussed  in  this  ■•■iio«i  Is  an 
•NMltent  sxample  of  ooopsratton  with  ftost. 

IMilgaratad  fboUnas  liave  buon  used  on  pennabost  employ- 
Ing  Gonrantional  refrigeration  systems;  but  these  have  usually 
been  asipenslve  to  operate  and  nalntain. 

CREATE 

For  many  years,  m«n  have  been  so  busy  fighting  frozen  ground 
and  trying  to  eliminate  it  that  v«ry  little  thought  has  been 
given  to  creating  frozen  ground  and  using  It  to  advantsge. 
Several  years  ago  the  U.S.  Sraeltii^,  Refining,  and  MlnlnB  Oo. 
wanted  to  excavate  a  narrow  channel  through  a  hill  of  One  allt. 
lb  prevent  sloughing  of  the  banks,  to  keep  them  sleep,  md  to 
keep  excavation  to  a  nlnlnuia,  their  engineers  froze  the  eell 
artiOciallys  the  operation  waa  very  successful.  The  use  el  the 
"long"  pile,  or  poaalUy  the  eold  air  pile  desolbad  earlier  In 
tiUB  paper,  oould  have  acoonpUshed  this  freexlng.  perhaps  at 
a  conalderable  saving. 

The  Falrbenke  oonlracttng  firm  of  Itoed  end  Mettin  had  a 
wfnier  eontraot  to  oonatniot  a  eewer  ctosafng  of  the  Ghena 
nver  at  Palrbanks.  Alaaka.  Arnold  ).  Hanson,  the  engineer 
fer  the  tat,  uead  flioddaid  aolutum  as  a  heat  transfer  egeat, 
pumping  It  through  the  giound  In  driven  pipes  end  using  auto- 
mobile radiators  to  remove  the  heat  from  the  Stoddard  solution 
during  subseio  weatter.  By  this  method,  he  waa  successful  la 
Itaexing  cotisr  dams  in  the  river,  whieh  allowed  him  ta  eitoa- 
vate  and  build  his  pipe  line  In  a  dry  rlvar  bottom.  Mr.  Benson 
also  has  plans  to  construct  a  frosen  core,  gravel  fUl  hydro- 
electric dam  near  Fairbaiiks  [  2l.  He  intends  to  pump  a  coelam 
such  as  ethylene  glycol  through  well  eaalngs  driven  Into  the 
core,  to  eidnet  the  heat  Itoai  the  gieuiidt  and  diaalpata  it  Utte 
the  cold  «natar  air  with  unit  haataca  uead  aa  heat  eisdiaagere. 

BnglMara  are  atUl  pionsedag  la  Ondlng  waya  to  craate 
ftost  and  to  use  It  as  a  foundation  okaterlal,  a  construction 
material,  or  a  construction  aid.   When  engineers  adopt  the 
principle  of  cooperation,  great  projects  will  be  developed 
using  frosen  ground,  and  perhaps  even  lee,  aa  foundation 
and  construction  material. 

EXAMPLE 

Recently.  rt\  Vh'-  sih-  lor  ,_ui  addition  to  a  school  near  Tairbanks, 
Alaskd  ,  [31'rn-.,) fror:i  w.-is  <-ricountercd  in  «  'if-<;  5.jr.:l  at  four.i.l,!i- 
tion  depth-    This  s.L-nd  had  very  high  moisture  cuntcrt.  Since 
this  structure  was  to  be  an  addition  to  an  e,xislin<3  structure, 
there  Wti.s  no  opfcTtunity  to  v.icate.  and  so,  after  careful  ar>d 
thorough  dr:ll::ig,  probing,  .ind  testing,  a  plan  wo';  .idopifd 
that  ir.cluderl  those  principles:   Eliminate,  sppfif  "'',  it:sujate. 
and  tolerate.    About  10  ft  of  frozen  S3nd  ■•vas  excavated:  some 
of  :t  was  wasted,  and  soTie  was  stockpiled  to  drain  so  that  it 
could  be  ur.ed  later  for  backfill.    An  added  1^  ft  was  thawed 
in  place  by  use  of  steam  points  and  then  conp  ictod  with 
roller-type  equipment.  Excavating  and  th.^winc;  thus  elimi- 
nated about  20  tt  ot  iiozen  material.  After  the  10  ft  of 
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excavated  material  was  replaced,  on  additional  i  It  ol  ivit-k;- 
flU  was  compacted  In  place.    This,  with  the  thawed  matoricil, 
geve  a  total  q(  23  ft  of  separation  between  the  warm  bulidtng 
and  the  penraftost.  Thu  separation  wat  filled  with  «iaval 
which  acted  as  an  insulator. 

Oarthell  C3}  reports  that  some  building  settlement  would 
be  encountered,  but  this  could  be  tolerated.   He  reports  that 
when  the  site  was  excavated,  permafrost  was  encountered  m 
tha  subgrada.  TlUa  bad  pravlousiy  bean  (bund  in  several  of 
tiM  orlioiBal  tast  iwlas.  but  was  not  aitpacled  lo  b«  a  serious 
pmtalaai,  aa  axeavatlaa  waa  baino  nada  t»  nlla  of  a  nonfroat 
■uaoaptlbla  aatiim.  Aa  Ilia  paraateat  thawad  It  waa  found  to 
h«va  an  antraTOly  high  aiiMature  oontaae  tiia  eowiiaeioi  waa 
unaUa  lo  eonpaet  tiw  aubgiada  or  plac*  faacfclUl  on  It  aaUa- 
faettrlly.  Aa  axaailiMtlon  of  tha  axlatSng  toutMIng  ahowad 
•aieaaalva  eracking  of  Ueelk  waUa  and  aencnto  floora.  and 
«vManoa  that  doora  had  laqulaad  tilnnana  dua  to  Atfting  of 
tha  fiamaa. 

Dufln9  May  \W.  24  additional  bofrnga  w«ra  mda  In  tha 
•Noavatlan.  In  addition,  aanplaa  of  tha  lella  anoountarad 
waia  ooUactad,  faolh  in  tha  ftozan  and  thawad  aialatlala,  for 
<lalarmtnatlon  of  ttrengOi  and  aattlaiaaat  piopartlaa.  In 

general  the  soils  found  in  tha  drilling  and  emcavating  wan: 

Elevation  (ft)  and  soils 

430  to  423;  silt  and  fine  sand 

423  to  412;  fine  to  medium  sand;  vary  loose 

412  to  undetermined  depth:  tand  and  graval  of  nodarata 

to  high  density 

No  log  of  the  well  drilled  for  the  original  building  hat  bean 
Obtained,  but  the  diUler  aufanattad  tha  ioUewing  from  naancy: 

ElavaUon  (ft) 

430  to  41  S;  excavated 
415  to  410;  sand 

410  to  3U;  sand  and  gravel ,  frozen  down  to  3M  ft 

365  to  undetermined  depth;  nud 

One  of  the  tost  holes  drilled  duiir.g  '.lu:  wet>k  of  May  21,  1962, 
Wtis  exter.dcd  down  to  olcv-3t;on  3flU  nrni  vrrlll<>d  thla  PRfftlO 
and  provided  additional  soil  samples  for  testing. 

FOUNDATION  FOR  ADDITION  TO  SCHOOL 

Iha  pfobiam  of  pcoviding  an  adagtiata  foundation  for  a  aehool 
addition  uraa  comaldMad  flon  two  aapaetai  fa}  Danaga  dua  to 
aatttanant  <ae  eeemad  in  tha  attlatiflv  building)  waa  to  ba 
piwantad:  tt)  mora  daakage  to  the  axletlnB  building  had  to  ba 

avoided  as  much  as  possible. 

Operations  which  might  have  caused  damage  to  the  existing 
building  included  the  generation  of  shocks  or  vibrations  in  tha 
immediate  area,  lowering  of  the  water  table,  or  undermining 
existing  footings.    Thf  sr-  considerations  limited  the  use  of 
heavy  equipment,  pile  driving,  extensive  dewatering,  and 
required  strictest  care  in  making  a  deep  agccavation  adjacant 
to  the  existing  building. 


It  was  recommended  that  additional  material  be  excavated 
to  the  depth  shown  on  Tig.  3.  As  much  of  the  soil  was  clean 
sand,  it  was  stockpilod  near  the  site,  allowed  to  thaw  and 
drain,  and  replaced  in  the  backfill.    The  remainder  of  the 
hdclcfill  comprised  classified  material  as  described  In  the 
specifications.   The  remainder  of  the  layer  of  loose  sand, 
down  to  elevation  4\0 ,  was  iteam-thawed  prior  to  backfilling. 
Dewatering  of  the  site  was  held  to  the  aitmmum  practicable 
during  this  work.  As  tha  water  level  waa  near  tha  subgrada 
surface  at  completion  Of  the  excavating,  the  fint  llfta  Of 
backfill  material  were  gravel,  which  waa  aaay  to  coavaet  in 
the  extremely  wet  condition.  Tha  axcavated  aand  waa  than 
placed  in  lifta  of  •  in.  and  cooipaetad.  All  eenpaetlng  waa 
dona  with  robbei^tirad  rallera  drawn  by  light  rabber^tlnd  ot 
•alf-piopeUed  tiaoiara.  fha  oia  of  vlbntoiy  ooavactora  waa 
avoided  in  audi  eloaa  pRMdnrity  to  the  awiattng  building. 

Ihia  apftoadi  waa  not  expeetad  to  aliialnata  but  ivouid 
oont»l  aattleaient  and  raatnet  dlf  tarantlal  aattlanant  to  an 
acceptable  anount.  Most  settlement  ooeuiied  during  con- 
•tfuetlon«  prIamUy  durtng  bsd(fllllng<  and  waa  haradeaa. 
Xhla  laened  the  laoat  praetleal  nlutlont  in  view  of  the 
achaduUng  aituatlon  and  linatatlena  laipeaad  by  tha  axlating 
building.  Soma  aattlement  ta  the  existing  building  was 
expected  bom  work  on  the  addition- but  only  sattlement  that 
would  avantually  oeeur  anyway.  All  oparatlona  wera  plaimad 
■o  aa  to  Ifaait  dlaturbaneaa  to  iha  alta.  Contlnuoua  at^ar- 
viaien  was  maintained  during  excavating  and  baefcfllliag» 
(Blty  material  was  waited,  as  it  was  difficult  to  compact  in 
the  backfill  under  high  moisture  conditions.  Pockets  of 
organic  material  exposed  in  the  subgrade  were  also  excavated 
as  foundation  uniformity  was  essential.  As  indicated  before, 
methods  of  predicting  the  eventual  settlement  of  this  structure 
arc  not  pri'ci'.rr.  ,ind  the  recommended  foundation  nvtaiona 
were  based  on  the  following  considerations: 

1 .  Dlf farantial  •ettleaient  between  adjaoant  eolunna 
abould  not  be  permitted  to  exceed  orw  inch. 

2.  OifferenUal  settlement  of  this  foundation  type  doea 
not  generally  exceed  50%  of  maximum  settlemant. 

3.  In  permeable  subsoils  under  consideration,  about 
7SK  of  tha  eventual  aattlanant  will  occur  during  oonatrae* 
tlon  CpilBarlUr  durlag  baefcClUing). 

4.  No  appradaUe  oonaolldation  of  the  danae  material 
faalow  elevation  410  will  ocew. 

5.  BBoaony,  and  tha  praaent  aituatlon  with  ragard  to 
aeheduliag  end  eidating  eontraeta,  lauat  be  obtained. 

6.  flbme  wotfc  opesatlona  tirtiieh  might  be  olheiwlaa 
dealnUa  an  avoided  to  pravant  further  damge  to  the 
eidating  building. 


SUMMARY 

The  slto  had  fourvdatlon  conditions  which  were  somewhat 
unusual  for  the  Tairbanks  area.    The  very  loosr-  u.itvi  Nti  itum 
had  Inadequate  strength  to  support  structures  after  thawing. 
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and  aettlemem  had  caused  miich  cracking  of  walls  and  floors 
o(  the  existing  building. 

As  all  previous  explotiition  ol  these  soils  was  done  during 
the  winter,  the  high  moisture  content  (and  hertce  the  loose 
condition)  of  this  sor.d  was  not  readily  apparent.  E>roper 
raoords  o(  difficulties  in  the  ori<:in<>l  construction,  ^nd 
resultant  changes  in  plans,  wero  not  trrinsmittfd  to  the  archi- 
taot  fot  planning  the  addition-  The  floor  level  of  the  existing 
building  is  actually  l  ft  higher  than  shovrn  on  the  drawirvjs 
Cwllh  raspact  to  the  original  test  borings),  and  the  gravel  fill 
axtands  1  ft  lower  than  shown.  The  addition  was  planned  with 
approximately  the  same  foundation  as  shown  on  the  unccmctad 
drawings  for  the  original  building.  Ibis  rasultad  in  a  daiign 
with  2  ft  lass  of  graval  fill  than  tha  original  building. 

This  loeaa  sand  was  subject  to  lalhar  rapid  volunw  changes 
whan  Bubjectad  to  shocks  or  vibrations,  and  cars  was  neadad 
during  any  oparations  in  tha  area  to  avoid  such  distuilwnca. 
or  tha  axlstlng  building  would  have  suf farad  furtharsattlaiDantt 

It  was  reooBiiiwndad,  on  tha  basis  of  laboratoiy  and  ftald 
tasts,  ebseivatlans.  axparlanca.  and  Mtaratura,  to  axeavato 


additional  soil,  to  thaw  '.  o  ft  below  the  excavation,  and  to 
construct  a  compacted  soil  pad  lor  a  foundation.  This  provided 
for  eontrollad  settlement  and  caused  most  of  the  settlenant  to 
occur  during  construction.  Close  control  of  all  operations 
during  excavating  artd  backfilling  was  essential.  Additional 
settlement  of  the  existing  building  is  to  be  expected  for  an 
indeterminate  peiiod.  The  project  was  complatad  In 
Saptamhar  1962.  and  to  data  tiiai*  has  boan  no  indleatloa  of 
sattlaroant< 


R£r£R£NC£3 

Cll  Edgar  8.  Htllleo.   "Construcuon  of  a  Satellite  Tracking 
Station  on  Penaafiost."  fwic.  11th  Abakan  Sci.  Conf..  1961. 
[2]  Ralph  Nonson.  "A  Dnam  Coows  True  for  Arnold  ).  Nansen 
Dam  with  Frozen  Cora  near  rairbaidta.  Alaska,"  CoiUractors 
and  Enora. .  Dac.  19S1. 

LJJ  AlanN.  Corthall.  "Foundation  Investigation,  Vnlvartlty 
Park  School,  ratrbanka,  Alaska,"  PhJlleo  Bng.  Aiehttacttiral 
Seivtoe.  unpuM,  data.  May  1962. 


MINING  IN  PERMAFROST 

A.  C.  PIKE.  Onlisd  Keno  HUl  MfaMS,  Ltd.,  Canada 


Many  northern  Canadian  flilnlng  companies  have  long  encoun- 
tered permafrost  zones,  but  have  not  collected  data  on  their 
operations.   Problems  were  solved  as  they  arose,  and  research 
has  been  negligible.   Mining  in  permafrost  has  been  essen- 
tia Uy  a  local  rather  than  a  differentiated  problem.  There  are 
advanidges  and  disadvantages,  but  an  advantage  at  one  site 
OMiy  be  a  disaster  at  another. 

OaBBRVATIONS  CW  PERMAFROST 

Maximum  peimallrest  depth  in  producing  mines  (Fig.  1)  varies 
firora  60  ft  at  Eldorado  Mining  and  Refining  Ltd.  to  900  ft  at 
North  Rankin  Nickel  Mines,  ltd.  (Table  I) . 

Permafioat  depth  at  Giant  YelhHsknlfe  Mines.  Ltd.  seems  to 
be  a  function  ol  overbuiden  depth.  Overbuiden  Is  an  insulating 
blanket  that  has  preserved  ancient  pemafrost  and  eeaalats  of 
lacustrine  clays  deposited  durtng  lata  Glacial  or  Raceut  stage, 
during  which  the  level  of  Oraat  Slave  Lake  was  oonstderaUy 
higher  than  It  Is  at  psesant.  CMgin  of  the  permafrost  may  be 
lata  Glacial  or  Atterglaelal  in  age  [11 . 

United  Keno  Hill  Mines,  Ltd. ,  (UlCHM)  la  in  a  permafltost 
region.  The  permafrost  Is  patchy  in  distribution  and  depends 
on  elevation,  hillside  exposure,  ovarfawden  depth,  amount  of 
vegetation,  and  llowtng  undetground  or  Muebem  waters. 

Northern  slopes  of  the  hills  era  generally  underlain  by  perma- 
frost, whereas  the  lower  southern  slope  of  Keno  Hill  Is 


relatively  tree  of  pt/riTjafrost .    Mine  workings  on  the  lop  and 
ncrthern  sla'^'S  of  Keno  HI!!  revealed  (:ernairost  400  ft  Uhdor'- 
grr>urul;  on  Sourdough  Hill,  frost  a:,d  Ice-lenses  were  encoun- 
lomd  in  the  Ballekeno  Mine  workings  2S0  ft  underground.  On 
the  lower  southern  slope  of  Keno  Htll,  however.  Mount  Kano 
Mine  workings  show  no  evidence  of  permallrosl. 

Frost  action  and  sollituctlon  have  had  a  marked  effect  on 
rocks  on  the  top  of  Keno  HUl  and  generally  In  all  permafrost 
anas .  Rock  and  even  vein  floats  ara  brought  to  the  surf aoe  by 
Urost-taeavlng;  soUnuetlon»  eteno  ritoge,  polygons,  and  stooo 
rivers  are  widesixead.  Below  4500  ft,  ra<dc  outcrops  are 
sparse:  slopes  are  covered  with  till,  soil,  rock  dabrla,  muck, 
and  muskeg  In  which  oonlfars,  Mrch,  aspen,  buekbruab,  and 
other  vegetation  grow  abundantly.  Above  4S00  ft  outeropa  aro 
numerous,  soil  and  till  are  aparae,  and  the  ground  la  oovared 
wldi  local  rock  float.  The  terrain  Is  treeless  and  wegetattam  la 
United  10  alpine  vartetlea  [2] , 

Rock  types  at  UKHM  are  essentially  quartsltes  and  achlsta. 
Maaslwe  loe  occurs  In  veins,  sirlngera.  and  smell  Irregular 
pods  In  vein  faults,  oceea  faults,  and  fraeuras:  aa  delicate 
skoivtai  and  stellate  lorms,  end  as  hoar  ftost  on  walla  of  nine 
o(,-(.'n.ugs  in  tho  permafrost  sons.  Some  Ice  veins  form  stock- 
work  cementing  rock  slabs  In  sheeted  zones  and  occupy  solu- 
tion cavities  and  other  open  spaces  in  the  permafrost  zone  [3). 

At  the  property  of  Canade  Tungsten  Mining  Corp. .  Ltd. . 
permafrost  occuiTanoes  are  Irregular.  Factors  influencing 


Thble  I.  Summary  of  data  on  six  Canadian  producers 


Name  of  Mine 

Location 

Pennafrost  Depth  (fit 

Ambient 

tern*  (*r) 

Tenp*  GndloMs 

Remarks 

Consolidated  Dlacovety 
Yellewknlfe 

N  Lat.  63* IS* 
W  Long.  113*S0' 

300 

22 

I*  psr  100  ft 

Cloae  to  large  lake 

Giant  Yelloerkntfe 

N  Ut.  62  29' 
W  Long.  IH-JS' 

260 

22 

Close  to  lake 

North  Rankin  Nickel 

N  Lat.  62'49' 
W  Long.  92 '05' 

900 

22 

Sea  la  1000  It  from 
head  Uraam 

Eldorado  Mining  and 
Refining 

N  Ut.  S9°3S' 
W  Long.  I2S*1S' 

0-60 

•  •  « 

Canadian  Tungsten 

N  Lat.  62' 00' 
W  Long.  128  15' 

35 

(no  deeper  test  taken) 

•  a  a 

Saaaonal  front  la  6  ft 

United  Keno  HIU 

N  Ut.  63*Sr 
WLong.  135*31' 

450 

26 

Varies  In  eaoh 
mine 

Elevation  from  4S00  to 
6500  It 

512 
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oeoiuTMnMa  arm  mamt  odw,  olay  bada  benwaen  grawal  layara, 

and  aadlnent  oompoaltian.  Pamaftoat  has  not  baan  notad  In 
dMlr  opan  pit  at  4500  ft  abowa  laa  lav«i  [4] . 

Oparailona  at  Kartb  Rankin  Mickal  Mines.  Ltd.  wara 
antiraly  within  pamafroat.  Om  factor  Infhienciny  pema&oat 
dapth  iB  tba  vary  low  air  tampawture  over  much  of  the  yaar. 
The  location  of  the  mlna  oloaa  to  aea  water  does  not  seeai  to 
have  any  moderating  effect  on  rock  lemparanira  [S] . 

Mining  In  permafrost  Is  costly  whan  It  Involvas  heating 
mlna  air  or  building  roads  and  planta.  Many  Canadian  mining 
companies  not  only  mine  but  also  completely  operate  whole 
conununiUas . 

Many  mining  problems  In  a  permafrost  area  are  minor  and 
e  t 1  ly  sohwd;  tliay  ara  dtacuaaad  below  at  various  ■tnlng 

stogu  -i . 
DRILUNG 

Drilling  olllclency  In  a  pcmiilrost  zone  varies  widely  tird 
therefore  Is  difficult  to  compare  to  drilling  cfiicic.-.cy  djta 
compiled  on  other  rock  types.   Often  drill  h;;lij3  with  Writer 
must  bo  bijst'-'d  or  clcjnod  w;th  cnri|.rcjaod  air  on  Ihi-  same 
shift,  or  the  wati.'r  freezes  in  the  fiGlt^j.    The  drllUr.fj  ijce  may 
fctcDXje  covered  v/ith  hojr  frost  and  simetimes  water  rur.r.mg 
dawn  ilie  fr!c:e  starls  to  frovzc;  tiu;  rnachirn!-i  n-.Fiy  bi-ironie 
ctxitoil  by       Ice  film.   Wii.-i  hi:}h  humidity,  js  in  summer,  any 
moi'jlurc  In  the  compressed  air  tends  to  condense  once  It 
reaches  the  lower  temperatures  of  the  underground  v/orklngs 
and  results  In  frozen  air  lines  and  machines.  At  the  North 
Rankin  Nickel  Mines,  Ltd.,  a  heflted  salt  solution  must  be 
used  for  drilling  water;  salt  cocradas  the  drills  and  inoaases 
awlnlananca  oosta. 


BUSTING 

In  pannatroat  lonaa,  anwonhiai  nilrala-feiel  oil  (AN/PO)  axplo- 
•Iwas,  tf  toft  In  •  mtaflm  koto*  amd  w  abnoib  melaiura  «id 
frMnaolld.  Ihia  aonatiaiM  eeoun  whan  an  ttttnnpt  In  nada 
10  wash  ANAO  axpioalvat  tnm  «  taola.  Nornally,  ttila  tjfpa 
o(  anploalvo  la  not  uaad  In  holna  aumoundad  by  an  loo  oon- 
oantratian. 

VBNniATION 

Mechanical  ventilation  with  heated  air  la  often  tha  bsat  SOhl" 

tlon  to  many  permafrost  problems  . 

M.^ny  :riines  In  Canada  that  use  mochanlca!-  vi-r.t [ loium  itiu  ji 
heat  aLr  before  mtroduclm  it  Into  the  mine  because  of  extreme 
winter  temperiti^res  .   This  t.-:-'i:-:-A  olr  helps  control  frtErezinq 
damage,  pditiculaily  in  pipelino^i  Hrid  drainage  systems.  One 
requirement  for  heating  mine  air  Is  prohaatlnQ  fual  Oil  to 
preve.-.t  q.rUing  under  cold  conditions. 

Vfinti  K-)i-'-in  :M.js«-:.i  j.-t-i t^iafi :; s'.  ti.-  rifUr.it  from  trjtf  rilnt^  ::pen- 
Ing,  bul  permafrost  rofurns  if  ;h<'  .lir  How  l;;  stci(;ped,  r.urjcjosl- 
Inq  very  little  retreat.    Naturcil  ventllatlor. ,  with  heat  crojtod 
by  working  r.ic-n  .^iid  equipment,  does  r.ot  r.oticeanly  rhiango 
permafrost  until  cou-ndordble  tlrr.e  hti.s  el.Hp^^eci,  iind  even  'Jien 
the  change  is  small.  Surface  openings  must  be  regulated  to 
prevent  freezing  taoiparatuna  wldiin  the  nbia  during  aovnra 
cold  weather . 

UNDERGROUND  TRANSPORTATION 

At  North  Rankin  Nickel  Mines.  Ltd.,  this  phase  of  mining  is 
aarloualy  affocted  by  oold.  Dlaaala  raqulia  lai^a  vohiaoa  of 
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frojh  air  in  the  hradlng'j.    This  iT.l.iils  the  heating  o(  l.nrgc 
volumes  o(  air  at  high  cost  through  !  '/.ide  tpmperaturo  rcinge. 

The  only  major  problem  with  tranmr.g  i  j  cj  jscJ  by  water 
which  seeps  down  frtsm  the  backs.    This  tends  to  build  up  as 
slush  or  ice  along  the  track  and  affects  motor  traction.  Any 
water  touching  machine  metal  freezes  very  rapidly,  forming  an 
te*  ooverlng  that  mutt  be  removed  frequemly.  When  seasons 
dhtaa*.  undcigraund  at  well  at  turfac*  equlpcMttt  must  b« 
swvlced  with  lultabla  oil  and  grease,  depending  oii  existing 
aonditlons.   Mine  cars,  especially  in  adit  trammir>g\as  at 
UKHM,  require  a  lighter  grade  grease  ir.  winter.  Adit  haulage 
neans  added  cost  in  keeping  tracks  ice-free.   Sand  Is  used  fOr 
bMMr  liooonoUv*  traction. 

At  Olant  yellowknlfB  Mine*,  Ltd. ,  vrnttUtlmt  !•  «4«qii«i» 
10  MUM  pamafrDst  ratrtat  ao  that  Icing  oondltloiM  tfe  not 
occur. 

Anodwr  problan  that  arlaaa  bam  parawiroat  and  ■•aaooal 
cbangaa  In  tanperatura  ia  track  heaving  and  abiklag.  Trmek 
tlaa  haoena  looaa  and  nuat  ba  raaplkad  and  rataaipad.  Coo- 
tlnual  thawing  and  (raaaing  rota  tiaa  and  thay  aiaat  ba  laplaoad 

mora  often  than  nomally. 

GROUND  CONTROL  AND  SUi'PORT 

At  UKHM,  frozen  ground,  desplH;  Us  opporMiU  comp<?tonce 
when  first  exposed,  must  be  tightly  blocked  in  anticipation 
of  rock  conditions  after  fcrmafrost  retreat.   Permafrost  in  cer- 
tain oxidized,  fractured,  and  crushed  ground  car,  aid  -.n  prelim- 
inary develoijment  and  protiuctlon .   It  acts  as  a  cementing 
agent,  and  ground  !h.i;  win  1:1  otherwise  be  considered  difficult 
can  ba  mined  with  a  minimum  of  timber.  This  type  of  ground 
when  frozen,  tends  to  be  "rubbery"  and  difficult  to  break,  but 
proper  attention  to  drilling  and  blasting  practices  eliminates 
this  problem. 

In  permafrost  areas  any  entry  subject  to  seasonal  thawing 
or  open  to  surface  drainage  gradually  (Ills  with  ice.   In  old 
headings  the  ice  has  often  been  a  support  and  preservative  in 
keeping  htvadlngs  and  timber  in  good  corvdltion. 

At  Eldorado  Mining  and  Refining,  Ltd.,  ore  was  mined  up  to 
the  giaval  where  overburden  was  frozen.  This  aided  in  low- 
eoat  raeewary  of  ore  under  oonditloat  tliat  would  have  other - 
wlaa  baan  vary  expansive.  floawtlMe  froei  did  retreat, 
cauahig  aona  mtaiar  ninnbig  before  the  area  waa  mined  out 
and  backfilled. 

Fronn  ground.  If  laft  eaiup^ortad  or  partially  auppcftad  for 
a  long  time  In  a  working  baadlag,  baglne  lo  epell:  it  this  aec- 
tlen  la  not  tlnbarad  laanadlately,  ifaare  la  danger  of  caving. 
At  UKHM,  It  la  aoaetlnas  naoatiary  lo  fMlmbar  aavaral  times 
In  panaafrost  areas,  eapaelally  afiar  each  aaaaonal  thaw,  aa 
the  timber  begtna  to  move  and  n>ck  begins  to  apall  from  the 

ribs  ar.fl  bark . 

DRAINAGL,  PUMPING,  AND  WAT1:K  UNKS 

There  are  constant  mining  problems  at  UKKM  due  '.o  porTjaJrost 
and  intensified  by  extreme  wlin<-t  temi-.i^(ti[uru3  .    rrozcr.  cli .lin- 
age ditch  problems  are  usually  solved  at  UKHM  by  building 
sumps  well  within  the  mine  and  pumping  the  water  out  at 
sufficient  velocity  to  prevent  freezing. 

At  North  Rankin  Nickel  Mines,  Ltd.,  pumping  stations  are 
required  wherever  there  Is  even  a  small  flow  of  water  and  must 
be  constantly  attended  to  prevent  slush  forming  around  the  in- 
take. Unless  pumping  is  continuous  the  pumps  are  not  luii 
unattended.  If  the  pump  shuts  down  or  is  shut  down  tim  .hu  ^i' 
of  lack  ol  water,  pumpllnes  must  be  blo«m  out  Unniadlataly  and 
all  water  reii>oved ,  or  the  Unea  will  fireexe  solid  bafora  dw 
next  jNiaipliig  cycle  starta. 

Pumps  at  UKHM  are  automatteally  coMrollad  with  waralag 
davlcas  sat  up  within  the  oompcMaor  house  so  diat  any  appar- 
ent stoppage  Is  attended  to  et  once.  It  has  been  necessary  on 
oooashw  lo  Install  beating  lampa  near  liquid  level  oonirols  to 
ptavaat  ioa  fomliig  aieund  them  and  to  add  an  aatUraen  lo 
hibrloators  of  alr-operaied  pumpe. 

Pumpllaas  must  be  Inaialled  on  an  even  gtada  as  any  dip 
traps  walir,  whlcb  freasaa  at  the  low  point.  It  U  not  deslr- 
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able  to  change  Irom  a  3  to  lir.c  as  water  (rcozos  at  the 

reducer.  Some  pump  lines  at  UKHM  have  glass  fiber  insula- 
tion and,  despite  the  above  precautions,  there  Is  sometimes  a 
gradual  Ice  buildup  on  the  inside  of  the  pipe  which  eventually 
loads  to  a  solid  plug.  The  discharge  end  of  the  pipes  must  bo 
watched  in  fraesing  temperatures  as  water  dripping  bom  them 
freezes  end  gradually  buiUa  up,  anolrelaa,  and  saala  the 
pipes. 

Drill  waterlutes  are  elso  a  problem.  The  usual  method  of 
overcomtrtg  treeslng  Is  to  Install  a  continuous  water  circuit. 
A  circulating  pump,  together  with  a  water  heater,  usually 
keeps  circuits  free  and  operational.  Placing  waterllnes  beside 
compressed  air  lines,  especially  main  Unea,  often  helps  re- 
duoa  beesUig.  Waterllnes  also  freeae  at  the  junction  of 
headers  and  boaea  In  some  working  haedlnga.  Whan  this  sit- 
uation occura,  heaas  are  placed  in  a  warm  area  at  the  end  of 
each  shift,  aad  lines  are  drained.  The  air  Una  muat  ba  kept 
ahead  ol  the  waterllne  when  blowing  air. 

Air  lines  can  become  trosen  if  they  ere  not  cleeiad  of  nols- 
hwe.  8oaw  Uitea  dut  lead  off  into  alopea  or  other  heedlngs 
miiatbabloiimottt  ordramad  at  lhaandotaaoh  shift.  Ooca- 
aiooally,  adding  aatlfcoeae  lo  ttw  Uaee  euffloea.  This  teasing 
oondltlaa  Isanr*  notteaebla  In  summar  whan  the  huaadlty  la 
high. 

Uadargtouad  air  iMaimr  taaka  mttal  ba  Mad  fraguantly  or 
oondaasatlfln  In  tha  tank  fraasea. 

PamwIiDst  and  low  imnparalufa  pcoblema  of  dralnaga  llnea, 
pIpalbWB,  and  pumping  atatlona  are  not  tee  dlttloult  to  aolva. 
but  raautiant  easts  eaa  be  high.  Inaullailon  of  alaam  llnaa 
beside  drill  water  and  drainage  waisrilnaa  haa  alao  baan  used 
to  prevent  ftaealng. 

BACKFIIXING 

At  UKHM  backfill  is  mainly  waste  from  development  headings. 
If  this  is  left  in  waste  passes  in  the  permafrost  zone  the  muck 
freezes  in  place.  Backfill  therefore  must  be  pulled  regularly, 
and  sometimes  waste  passes  must  be  left  empty. 

At  North  Rankin  Nickel  Mines,  Ltd. ,  placing  of  backfill 
from  surface  is  restricted  to  summer  when  material  is  thawed 
and  easily  handled.  Once  placed,  permafrost  is  an  advantage 
as  the  low  tomperature  quickly  Jrivzes  fill  Into  a  sol.:)  mass 
pormittinq  removal  of  pillars  with  very  little  hjzard  soon  after 
Oor-.i- II  ci  bjckllUlng. 

Ujw  ;t;mp»T^iiure.'i  Hid  permafrost  cor.ditLjns  markedly  affect 
shaft  sin'mng  In  ihf  C,in,-i:Jlrtn  N:>rlh.    Thirsi-  low  temperatures 
acccntu.it'-  pr-  blcms  normally  encountered  In  permafrost  con- 
ditions involving  pipelines,  drllle,  piusplng,  etc..  aa 

previously  described. 

Al.-io,  h<M:i;irimirs  riml  :>re  bins  must  be  adequately  heated. 
Spticial  shail-slnV.ing  ( rrblrni.-i  .irl'jc  from  setting  foundations 
and  collaring  In  p-crmciirc  st .    Hcodirarr.es  ,  hoist  i.-.stallotior.s  , 
and  sh.ift  collars  ir.us;  bf:  litraly  set  tu  ^«i:vfnt  frost-heiivlr.g 
-in:),  wtKTc  (■  .  i-sit.li' ,  Mi!t  on  bedrock  . 

V'-ntiliticn  !jns  np.ir  jhaft  collars  ore  usu.illy  Insl.-iilcd 
.lorlzcntaUy  r-iLhc-r  than  vertically  js  Ice  buildup,  if  perinitted 
to  grow,  falls  onto  the  blades.   Heating  elements  wound 
around  the  air  Intake  prevent  Ico  buildup.   If  protective 
screens  at  intake  or  exhaust  openings  are  not  checked  regu- 
lar ly ,  hoar  boat  buildup  on  aeraena  will  aventuelly  aaal  ttie 
opening . 

Once  a  shaft  has  reached  the  pfoduolng  stage ,  ventilation 
and  heating  mutt  be  detlgnad  to  mlntmlae  lelng  conditions  at 
tho  collar  and  headbwae. 

CONCRETING 

Concreting  in  picrmalrcs;  requires  s^'ecijl  techniques  twcause 
contact  a:i>l  rreezinq  weakens  both  the  concrete  and  Dond.  To 
provi-nt  thi'-i.  the  r:jrk  must  bti  heatiTl  for  .i  long  tlmt;  to  dtew 
(he  frost.  Heated  concrete  is  (hen  placed  to  obtain  the 
reipilrsd  sat  bafora  parxtabDst  again  Invadaa  the  oontacA  ana. 

Panaafroat  aonaa  whan  first  opened  prasant  Uttla  ground 
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Inurd  because  of  the  coheslveness  of  lea  and  rock,  and 
ground  falls  occur  for  less  fre(|uently  than  under  thawed  condi- 
tions. However,  onoe  permafrost  begins  to  retreat,  ground 
falla  Incnase.  end  support  Is  nquind.  It  U  aaler  and  mora 
aoonomloBl  at  UXHM  lo  do  adaqiMrl*  tlariMrtng  wlwn  tka  ground 
t«  firtt  «p»md. 

In  ptranfcMt  aones,  as  nwntianad,  saepage  watar  or  drill- 
ln«  Mtar  fianaa  en  and  batwMn  ilie  ralla,  cmatlng  a  slipping 
hnwd.  Xlila  taa  buildup  Is  partlctttarlr  kasndous  on  laddnr 
nmgo  In  OMapmnrs  and  awawiyi. 

froMn  tlabor  iMtnlM  in  pmatlnst  undM^mnnd  la  aon 
dllfleuk  t0  handla;  mm  aUivtaig,  falUag,  and  haodllng  aeet- 
donts  loault.  Undsr  ttoio  eold  oondlttona,  novo  book  apralna 
oeeur  than  bt  wonnar  haadbiga. 

DUMOHD  DnUUHO 

Helaa  drlllad  In  panafteat  ion*a  aust  ba  blown  out  wUb  air 
bMwaon  shifts  to  pravant  nMtar  Uraoslng  in  tban.  Evan  during 
«  aliltk,  dlaauMid  drtll  roda  laft  In  •  hote  wtUwiit  olroulattag 
walar  frama  and  baooow  dttfloult  to  aovo.  Ikia  altuatlon  U 
•Uavlatad  by  uahig  otdiar  haatad  drlUIng  waiar  or  a  aatt 
aofeitlonf  orbolht 

PROSPECTING 

Prospecting  tn  permafrost  areas  Is  difficult  because  of  the 
frozen  nature  of  the  ground.  The  covering  of  mantle  material 
makes  trenching  tiitl i;:u It;  !t  is  crtmmonly  frozen  to  bedrock, 
rtnd  sii.tiinur  Ih.iw;r.i3  ;5  rr  i  i:  .v<_  ly   .holl.T/w.    For  •-•xomrlf, 
stripping  is  oltcr.  best  dor.c  ijy  DuUdczing  and  ripping  Iho 
thawed  material  down  to  permafrost,  then  leaving  the  area  to 
thaw  fruther,  aitd  returning  later  to  strip  again.  SoineUmes 
cnly  6  tn.  oan  ba  raawvad  at  aaoh  pass. 

mClKL  TBCHNIQUBS 

Exforicnce  with  perTjalrost  conditions  for  several  years  maXes 
unusual  problerr.s  seem  routine.   One  learns  to  take  advantage 
of  .'if-ccrlnl  c-f)ndl;lnna  thot  exist       well  iSj  Ic  dowlop  tcch- 
niquc-j  that  ovcrcorr.o  disadvantages.    For  example,  at  low 
terr.fieratures  UKHM  .Tjakes  use  of  ice  Dulkheads  in  winter  lo 
close  surface  uper-.lng.s  ar-.d  thereby  control  ventilation  and 
terr.peraturr    underground  . 

The  Treadwetl  Yukon  Co..  UKHM's  piadecassor.  used 
shrinkage  sloping  at  tha  SUvar  Ktag  MIMi  but  abaadonad  it 


below  the  permafrost  horizon  because  of  laersasod  dilution 
from  the  hanging  wall.  Permafrost  was  an  advantage  herOt 
because  It  consoUdaied  the  ground  and  permitted  mining  Ol  OfO 
by  a  cheaper  meibod.  Any  taraakihrougbs  o<  imrkings  to  air- 
fiaoa  are  usually  ptoanad  Cor  wtnisr  wtoan  tha  ground  la  aofa 
consolidated. 

Drilling  water  at  tnCHM  is  heated  by  alactrle  lauaarslon 
haatars  in  mobile  watar  tankB.  Tha  tank  la  than  oonnactad  to 
tha  air  lines  at  lha  haadbig,  and  watsr  la  foroad  to  tha  reck 
drtU  otachiaas  uodar  air  ttmamm. 

Dcalaag*  dludMs  aia  hapt  opan  In  aoiaa  worfclnga  by 
Installing  aleeirle  aoU  hasting  eabiss  along  tha  langth  ol  tha 
ditehas.  bmsrstan  baaisrs  an  oecaatonally  uaad  (e  pnawant 
loa  taautlon  la  auaips.  CMbsr  lea  ooniral  maOioda  nmn 
pravlously  daacrlbod. 

coNcimioir 

Mining  In  pamalrost  dlfisrs  taoi  aorawl  Mining  la  that  baaa- 
Ing  tanparaturas  eraata  oestly  problsflis  and  immlm  awny 
varlablaa.  Broaan  eondlttais  ean  alao  ba  an  advaataga.  Tha 
variables  depend  upon  mining  matfaod,  heading  purpose, 
equipnant  avnllabilltT«  and  vsntllatUm  safety  raqulraaiaata. 

Mining  oeapanlaa  hi  tha  Canadian  North  have  usually 
davalopad  aolutiods  that  sarvad  Ihalr  purpoaas.  Converting 
panaateat  to  an  advantaga  Is  boMt  tatarsstlag  sad  ctaallanglng 
work. 
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FOUNDATIONS  IN  PERMAROST  AREAS 

GORDON  B.  ranCHAlID,  Oaparhnant  oi  PubUe  Wdrtta.  Ottatra,  Canada 


A  study  of  f6undatlons  In  psrmHost  areas  cleariy  wwala  diat 
paimafrost  can  only  ba  lagardad  as  a  variable.  It  Is  cunning, 
baffling,  and  powerful,  and  must  ba  approachad  with  tha 
gnaaMst  laapaet.  tamafioat  la  not  ao  much  a  autanaJ  as  a 

condition  in  vMdh  oatarlals  axlst.  Ihaaa  matarlals  stay  axist. 

Sida  by  side,  under  the  same  conditions,  reacting  to  founda- 
tions In  many  different  ways,  each  creating  a  separate,  though 
related  problem  in  foundation  daatgn. 

My  observations  are  confined  to  tha  Canadian  Arctic  and 
sub- Arctic,  and  to  areas  In  Canada  where  I  have  personally 
examined  site  conditions  artd  construction  of  foundations. 
These  areas  include  permafrost  regions  from  Baffin  Islarrfl  to 
Ala.ska,  but  do  tx>t  Include  the  Islands  of  the  far  North. 

It  only  within  the  last  10  to  15  years  that  major  con- 
struction has  taken  place  In  permafrost  areas  of  Canada  and 
consideration  given  to  providlny  pcr-nanont  foundations  lor 
superstructures.  Before  this  n  was  known  that  ground  under 
bulldlrigs  would  th.iv/  ,ir,d  ti-jlldlngs  would  move;  this  was  an 
accepted  hazard.  When  it  occurred  the  building  was  jacked 
laval  and  wadgad  imo  plaea  with  wood,  stone,  or  any  other 


■satarlal  at  hand.  It  was  an  anmwl  oocunanca  and  oonsMand 
to  ba  regular  seasonal  malnlananea.  Ik  waa  only  wiian  laive 
auBM  of  nenay  ware  to  ba  invaatad  in  strueturaa  that  engineer- 
ing oonaultaats  wars  eallad  in  to  pRnrlde  foundation  atabtUty: 
a  study  of  some  early  site  repetts  and  raoosuiendatlona  Indl* 
eates  how  little  was  known  even  ten  years  affO, 

Half  of  Canada  is  underlain  fay  permafrost.  This  Includes 
almost  all  of  the  Northwest  Territories.  Yukon  Territories,  and 
northern  parts  of  some  provinces,  principally  Manitoba  and 
Quebec.    Soil  conditions  involved  are  like  those  found  else- 
where In  Canada,  except  that  the  soli  is  perennially  frozen. 
Some  seasonal  thawing  does  occur  in  the  active  layer.  Maxi- 
mum depth  of  thaw  vanes  with  locality,  climate,  arxl  insulat- 
ing value  of  the  natural  moss  or  brush  cover.    Below  this 
active  Inyor  the  soil  remains  perennially  frozen.    One  of  the 
nrost  spect.icul.ir  ex.implcs  was  observed  at  Chesterfield  Inlet 
on  the  northwest  side  of  Hudson  Bay  where,  in  mid- August,  it 
was  P'Ossible  to  roTnove  H  in-  ot  moss  covering  and  to  cut  a 
block  of  clear  ice  for  the  refrigerator  wtthln  lU  ft  of  a  pool  of 
water  auiroundad  by  grass  and  flowers  in  bloom. 

US 
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DESIQN  PROBUMS 

Hw  occuimioe  of  ice  in  pamsiiDat  craates  a  malor  problam  In 
fBuadatlon  d«sl0n.  Tba  Impwvlousneas  to  water  of  many 
ftosm  loJif  tt  a  Moond  maiar  proMem.  Both  pioUotm  exlat 
beeauM  of  tiw  tensltlve  (bemet  raglne  found  in  panMbett. 
Soila  that  contain  tee  oiay  have  vety  Ugh  baartng  capadttoB 
aa  long  aa  they  remain  undlatuilied  and  penoanently  tezen. 
taut  Omnal  balance  la  ao  aenaltlve  that  any  disturbance  pro- 
duce* leaettona  liiat  can  only  be  aaaeaaed  by  on  stte  obaar- 
vatlon.  Chanoa  in  natural  flieund  cover  affaet*  peraiallroat 
ataUlity.  Rameval  of  meas  nay  aanoualy  altar  tiia  aellva 
layer  depth  end  cfaenge  tiie  approach  to  Ibuadatleo  daaion* 

Another  major  problem  In  dealanlnff  fbundetlenB  far  panna- 
fnat  araaa  In  Canada  arlaea  from  the  loeatlan  of  noat  of  our 
northern  tattlainaflU.  Almoat  witiwut  exception  they  have 
been  eatahUshed  at  aiouOia  of  ilvara  or  at  rtvor  JuneUona. 
In  many  caoea  I  aland  altea  have  been  aeleetad,  and  on  most 
Islands  permafrost  la  found  In  a  vailety  of  materlela*  Delta 
and  island  sites  produce  the  worst  posslUe  Inatablllty  in  aoll- 
beartng  conditions  due  to  thair  high  percentage  of  sUt;  they 
ara  also  subject  to  parledle  surface  flooding  *uch  as  occurred 
at  Aklavlk  in  1962  and  at  Hay  River  In  1963.   The  solution  to 
this  problem  may  be  that  island  sites  should  bo  ribAndon>>il  and 
new  towns  should  be  established  at  carefully  seli>cti-cl  sites  on 
the  mainland.   This  was  done  when  the  major  settlement  at 
Aklavlk  was  moved  to  inuvik:  and  It  la  now  planned  to  locate  a 
new  townsite  at  Hoy  River. 

Sporadic  pormotrost  occurs  along  the  entire  southern  bound*- 
ari'  o!  thi!  permafrost  areas.    In  these  areas,  unexpected 
pockets  of  permafrost  are  often  found  at  sites  that  have  been 
test  drilled  and  pronounced  free  of  pe^rmafrosf .    Th"s<?  pockets 
vir/  :n  ii^pth  ^nd  thickness.    At  ThoTpson.  M^nitot.-s,  tho-  site 
for  a  new  •Mieml  buildirva  was  founu  to  be  frost  tree  on  one 
Side  of  a  dlagor  i:  m  l       h.jvc  a  20  ft  thick  layer  of  p.jrn  itioi.t 
10  ft  below  grade  on  tho  other  half  of  the  lot.    Excavations  lor 
a  school  and  two  hostels  at  Fort  Simpson  were  frost-tree  in 
areas  that  had  been  cleared  o(  brush  and  iraes  for  some  years, 
but  in  recently  <  L  '  >i>'d  treas  permafrost  was  encountered  under 
part  of  the  scJiool  •nil  one  hostel. 

Recent  construction  .:!t  Froblsher  Boy  cr  B<-i;firj  Islarjd  Wris 
carried  out  on  solid  rock  to  avoid  thiv  vrtrir''.y  of  -.o:!  cori<-:itjon.'. 
fc"..nd  aurincj  invo:-.tig.itlon  of  the  propo-n-d  ;r)wci^itf-.    Moi;t  r^l 
the  •.ov/nf.i1>;-  w;is  overlain  with  silt,  ,'Mr>ii,  gravel  pockets,  and 
Ifiiqo  ijc...lL;.  rs  In  layers  of  gre  itly  v  uyirvg  thickness.  Solid 
roirk  w,f  louii  i  fls  outcropplnys  und  at  varyirv-j  depths  as  great 
a".  55      iiclnw  the  yrojncj  surlico.    The  site  tirxilly  selected 
was  on  two  lanje  rocky  hills  having  a  few  srinli  (;ockets  of 
frozen  overn..rQf  n  8  to  10  ft  thick:  all  foundnticns  were 
designed  to  bear  on  r.olic!  rock.    The  entire  lownsJto  was 
drilled  on  a  300  ft  guc. .  .m  ;  actual  building  sites  on  a  50  ft 
grid.    All  hole^  were  dnlled  to  rock  and  at  least  10  ft  into 
solid  rock,    f^i-ck  cores  showed  almost  recovery  and  only 

minor  evidence  of  fracture  or  water  seepage.    Incilnad  holes 
failed  to  disclose  any  evidence  that  the  Bite  was  anything  but 
solid  rock.  Construcuon  proceeded.  Running  water  was  en- 
countered in  several  pier  excavations.  In  one  hole  a  thin 
stratum  of  stor»e  was  found  to  overlay  several  feet  of  sand. 

Observations  such  as  these  lead  me  to  believe  that  nothing 
can  be  talcen  for  granted  in  the  design  of  foundations  In  per- 
mafrost. Each  site  must  be  carefully  examined  both  above  and 
below  ground  to  determine  proper  foundation  designs.  SMa 
conditions  vary  not  only  with  each  loeatlon,  but  elao  with 
each  aagnaat  of  each  locauon. 

As  buildings  in  northern  Canada  progressed  from  squatters 
shacks  to  more  substantial  buildings  of  the  Hudson  Bay  Co. 
Trading  Posta.  Royal  Northwest  Mountsd  PoUca  (now  Royal 
Canadian  Mounted  Follea)  Outposts,  and  missions .  founda- 
tions changed  Uom  mud  sills  or  gravel  pada,  to  piles  or  piers. 
As  buildings  grew  in  am  and  valua,  the  problem  of  adequate 
foundationa  had  to  ba  aohrnd.  The  baste  queatlon  wsa  wtielhar 
to  aooapt  «r  to  pravent  novamant  of  the  foundation.  Genenlly 
tha  daelalonwas  to  aeeept  soma  navaawnt  in  small,  unhaatsd 
buildinga  of  laaaar  Importawoe,  but  to  provant  movement  In 
laiga.  heated,  paimanent  buildings-  To  avoid  movement  it 
was  early  laamed  that  uadarlylng  psrmatrost  SMist  tasMin 
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undisturbed.    Thus  prccriuti^^n:;  niist  b*:  t.jken  to  preserve 
natural  moss  cov<>r  ,^iid  to  (:rovnr.t  l  irge  heat  transfers  from 
buildings  to  ciroiin  l. 

In  any  pr.jcticTi  assessment  of  huildirnj  technlcjues  in 
permafrost,  rrutter?  of  economic^ ,  nVnilnbilKy  :M  locii  rr.,ile- 
riflls,  and  methoas  and  costs  of  it  insportatior.  arc  ol  over- 
riding Importance.    These  I  cturL.  h  ivo  dictated  use  of  wood 
piles  in  western  areas  of  nori.",--rn  C.  .n  jda,  where  local  timber 
ar.d  river  transportation  ,Lir._-  r.vdily  /ivai.ab.e,  bu;  req'_..rcr; 
use  of  concrete  and  steel  in  tr..?  bcrrsn  eastern  areas.   In  the 
Mackenzie  River  District  nnd  iriv  Yukon  Territory  where  local 
timber  la  available.  rr.o?,t  tiuilding  sites  occur  m  nrefi*  under- 
lain with  silt,  sand,  jirtVijl,  and  organic  niatenal;;  whi:;r. 
Simplify  the  pldcing  of  piles;  however,  concrete  foundations 
arc  better  suited  lor  sites  in  the  eastern  rocky  barrens. 

Fortunately,  construction  in  the  north  progressed  from  a 
few  small  buildlr>gs  to  a  greater  number  of  sTiaU  buildings; 
thus  valuable  experience  was  gained  before  the  need  arose 
tor  lar^e  buildings.   The  effects  of  irurreased  construction 
activities  were  carefully  watched.    I»<favf m.-nt  of  vehicles 
over  mo.<i.s  cover,  and  ditching  of  ro.vi^  turned  apparent  solid 
ground  into  a  morass  of  mud.   Excavated  shale  disintegrated 
on  exposure  to  air.  These  observations  taught  cautton.  ao 
that  when  construction  of  lerge  buildings  began,  those 
responsible  bad  learned  tha  need  to  take  pteeauUons  wban 
building  In  permafrost  anas. 

TVPES  or  FOUNDATIONS 

Most  early  foundations  were  simple  inud  siUs  of  local  tlmt>er 
laid  in  gravel  or  sand  and  leveled  with  the  same  material.  The 
sll.5  ?,i.(.i_."r'..ii  ri.'in  |.-.t.-rr.  ol  l:iii:  liny  ,ind  superstructure. 
Dutir.-j  ■.vintfT,  ti..ildiiigs  were  banked  with  sand,  sods,  or 
srurj-.v  blocks  '.r.r  protection  from  the  cold  and  wind.  Ke;it 
losses  through  the  floor,  however,  changed  the  ch  iracfer  of 
permafrost  so  that  shifting  and  he.iving  of  found. -rion-; 
occurred.    To  ,ivoid  this,  buildings  were  rsis  -d  j  hnve  ground 
so  I.'i I       if  .0';-:i;s  ■.V'-ii..ld  r;i   5i^t:it':  by  frc-?  circLilrition  o:  .tir. 
Oth'-i  building  5  .vere  placed  On  thick  arrivel  pj-.ds  to  prevent 

t  |os3.^s  fron  reaching  the  permafror,!.    L.if.'r  tnese  nflti- 
ods  were  combined  by  placirvg  a  gravel  p.id  over  the  n.'tuiai 
cover  and  raising  the  structure  to  provide  t  h  p.i  n  i.i^yc  of  jir 
between  the  floor  bottom  md  the  gr  ivel-|Md  top.  This  founda- 
tion design  piov  j  v<-iy  ;iu.:-:-r-;.i;ui  and  wss  ussd  axtansivaJy 

In  b-jildi:iq  Irv  iicv  town  n'  Iriuv.k. 

Al:^r.g  the  ccntr.nl  Arctic  coist  rit  5per.ce  Buy  m  Bcothl"! 
Peninsula.  Cambridge  B^sy  on  Victon.i  :--.Jur.d,  and  Copper.Tune 
on  the  mainland,  it  was  possible  to  lOi^iti-  mo-.;  ol  the  fun  d- 
inga  on  rock  and  to  u.ie  concrete  piers  having  a  batter  of  2  to 
3  in,  in  1  ft.    Other  buildings  In  those  areas  are  on  low-lying, 
poorly-drained  sites:  in  these  cases  tho  site  was  filled  with 
gravel  and  squared,  cresoted  timbers  were  embedded  in  the 
gravel.   On  these  timbers  wood  posts  and  beams  were  erected 
to  support  the  superstructures.   At  Old  Crow  in  Yukon  Tertitoiy 
this  method  wa?  u!ied  to  erect  the  nursing  station  but  the 
adjoining  school  .v.js  mil;  nn  rock -filled  log  cribs  placed 
directly  on  the  natural  cover.  These  simple  foundations  have 
proved  effective ,  and  can  be  used  where  Umber  end  graval  an 
close  et  bend,  where  suitable  bearlrig  for  concrete  piers  can- 
not ba  found,  or  where  it  Is  impractical  to  place  piles. 

Many  foundations  have  been  designed  for  permafrost  eiaes 
On  the  asstunptlon  that  sand  and  gravel  are  readily  available 
at  all  sltos.  At  Coppermine  two  methods  of  obtaining  gravel 
wan  used.  In  summer  it  was  hauled  seven  miles  eeress  tha 
bey  on  a  scow  pushed  by  a  small  outboard-motor  boet;  in 
winter  It  was  hauled  by  dog  sled.  At  Fort  McPheraon  hand- 
loaded  gravel  was  hauled  30  to  40  miles  by  ilver  baiga.  In 
tha  lanaa  Bay  and  Hudson  Bay  anas  gravel  baa  bean  hauled 
in  oamas  and  carried  fay  Indians  with  sacks  on  their  backs. 
At  many  sttoa,  obtaining  gnval  fbr  fUl  la  a  aertous  proMam; 
gravel  suitable  for  concrete  must  oftan  ba  carried  many  miles 
by  pclmltiva  methods.  It  Is  a  mistoka  to  baaa  datlgna  en  the 
usa  of  giaval  baton  datarmlnlng  Ha  quality  and  awallatalllty. 

She  most  widely  used  foundattons  In  parmafrost  areas  of 
Canada  oontinue  to  be  wood  piles  sat  into  perms Anet  which 
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Is  permitted  to  rcfrcuzc  boforo  tho  pilos  tiro  loaded.  At  IlUlvlk 
more  than  17,000  wood  piles  have  been  placed  and  mora  ara 
giMng  in  as  Oils  paper  is  being  written.  Great  numbers  Of  wood 
piles  have  been  used  In  all  setUssients  of  the  Maekerale 
District  and  have  proved  to  bs  a  sattsfaelMy  solution  to  ths 
foundation  pioMsm. 

In  northern  Canada  very  few  pile  holes  haw*  been  dilllsd. 
Nearly  all  tiie  holes  have  been  steam  jetMd.  Ihls  aattiod  of 
placing  piles  reedied  a  tum  degree  of  esosltanoa  during  the 
bulldlnB  of  Inuvlk.  where  through  trial  and  ecror<  workman  and 
supenrlsorB  developed  a  speolal  sense  of  tiaiog  and  oontml. 

INUVn 

Inuvlk  Ffovod  to  be  a  valuable  testing  ground.  It  was  found 
necessary  to  oontiol  every  kind  of  acttvlQr  during  the  oon- 
straetfon  period.  Moveownt  of'vehlcles  and  moUlo  equipment 
had  to  bs  supsivlsed  to  prevent  destruction  of  the  natural  aioss 
cover.  Ml  traffic  lanes  were  bulU  up  with  gravel  on  top  of  the 
mtuml  cover;  no  dltehtng  was  permitted.  Culverts  placed  In 
the  gravel  fill  were  usad  for  thvlnaga.  Ceatnelora  diowe  ever 
prepared  gravel  routes  and  stored  building  materlsls  on  pro- 
pared  gravel  pads.  Every  otovement  was  planned  and  sMotly 
controlled. 

Son*  unusual  eceunonees  ware  efaeeived  during  censtnio- 
tlon  at  Inuvlk.  On  Iho  first  hostel  building  the  framing  had 
been  eompleted  and  the  mof  was  In  place  when  work  closed 
down  for  winter.  In  spring .  when  work  rseommenead,  it  was 
found  that  the  center  piles  of  the  south  wall  had  heaved  ea 
much  es  Z  in.  with  diminishing  movement  back  toward  the 
center  of  the  structure  ■  A  crack  had  opened  in  the  surface  of 
the  gravel  pad  following  the  same  line  to  the  center  of  the 
building  where  a  turned  an  abrupt  right  angle  until  It  dwin- 
dled out.   One  of  the  heaved  plies  was  dug  out  and  found  to 
have  been  frozen  m  place  throughout  its  entire  length.  After 
many  discussions,  without  reaching  any  firm  conclusion,  a 
calculated  risk  was  taken  and  tho  heaved  piles  were  cut  to 
the  now  |.?\r.?ls.    This  hapF-ened  several  ye,irE  :igo;  since 
movement  did  not  recur,  it  is  concluded  that  the  permafrost 
had  not  refrozan  completely  until  after  the  heaving  had 
occurred. 

'.Vh.-n  piling  started  at  Inuv;k,  jt  was  thought  that  a  com- 
plete winter  must  elapse  Iseforf  p'.nriri:]  the  superstructure  on 
the  pile  foundation.    It  was  hster  learned  that  this  was  un- 
necessary, so  freezlng-ln  llmis  bt!C<ime  four  to  six  weeks  for 
hght  loads  and  slightly  longer  for  heavier  loads  depencing 
upon  the  time  of  year  that  piles  were  placed.    Piles  pl  irivj 
late  in  the  ycor.  at  the  time  of  na>:;nn;ni  rhijw,  rcTjiroc!  a 
much  lorvger  refreezlng  time  than  those  placed  in  spring  or 
early  s  jmrr.er.    Steel  piles  and  pile  clust.:?rs  required  a  ntuch 
longer  refreezmg  time.    Piles  under  tho  fowerhou-qe,  placed 
in  November,  were  not  r.>t:ozfii  by  Mrirch  ol  the  following 
year-    Pile  r-|-,!nt<>v;  jn^lrT  th.-_'  n j: rt'.T.ance  ydrajc  at  the 
airfrirt  were  ^ilacoa  on  slnpinr!  l"-?drockr  the  piles  were  set 
so  close  to  each  other  that  the  steaming  process  raised  the 
temperature  of  the  entire  building  area  to  the  point  where  it 
became  plastic  and  flowed  off  the  site  leaving  the  piles 
standing  without  lateral  support. 

FORT  MePHERSOII 

At  Fort  M-Plpisnn,  some  80  miles  south  Of  Injvik,  test  pits 
Indicated  thit  the  entire  building  site  was  unaerlain  txy  hard 
shale  .3t  a  depth  of  6  to  7  ft.    It  was  considered  that  the  over- 
burden did  not  appear  deep  enough  to  support  wood  piles,  so 
concrete  footings  and  piers  were  used  for  foundations.  By 
arrangement,  as  soon  as  shippirvg  opened,  n  local  shipping 
f:o:np.iny  l:v-y._-\n  to  biuiy  in  yravrl  !:":r  rorcrctr  lri>:r  .5  dcixjstt 
sorri'-  IJ  milirs  dOv,-n  strcan .    A  crew,  ormcd  with  picks  and 
shovels,  W05  tlown  in  to  start  excavatirf^  for  the  piers  so  that 
concrete  could  be  poured  as  soon  as  the  gravel  arrived.  Heavy 
eq  di pTient  was  schsdtiled  to  atilvo  about  As  same  time  es  the 

gravel. 

The  inadcqii'3cy  of  the  3;te  '.r.vest;gatior.  5r>nri  became  evi- 
dent. When  the  piers  had  been  located,  the  moss  stripped 
back,  and  excavation  started,  it  was  dlaoevarsd  that  nnieh  of 


the  soil  was  more  than  S0%  lee.  Thus,  large  amounts  of  bsefc 
fill  were  needed  to  replace  the  malted  lee- lenses,  but  tho 
gmvel  deposit  was  not  laigo  enough  to  supply  gravel  for  both 
concrste  and  bsckflU.  An  attempt  to  cut  Into  a  local  shale 
tank  by  scraping  and  thawing  failed  because  the  shale  also 
coBtaliMd  large  leo'lenaos  and  dlslntsgrated  on  exposure  to 
air.  Fortuaatoly,  a  second  gravel  deposit  was  found  seme 
30  miles  upstream.  Thus  construction  pteeeedad. 

When  the  first  ilver  bwges  arrived,  pneumatie  hamsMrs 
replaced  plcfcs  and  shovels  and  greater  progress  was  made. 
Again  ths  lack  of  piepar  site  Investigation  posed  mare  piob- 
lems.  Ihe  hard  shale  expected  at  6  to  8  ft  actually  oeeunod 
at  depths  of  10,  12,  and  even  16  ft.  FOundatlCB  piers  had 
been  designed  to  rest  on  4  by  4  ft  footlogs  sod  holes  were 
tatag  exeavated  to  this  sine.  A  man  had  to  go  dowm  til*  hoi* 
to  break  out  the  ntatertal  with  a  Jack  hammer,  then  load  It 
Into  buckets  for  hoisting  to  the  suilace. 

Delay  in  dalivsiy  of  gravel  for  concrete  presented  another 
problem.  1h*  period  of  24  hours  of  sunlight  was  appioa^ilng. 
Open  pits  in  parmafnM  ware  tooomlng  wells  of  water  a*  tiw 
sun  melted  the  lea^den  soil.  Ihus,  holes  had  to  ta  coviod 
with  plywood,  and  moss  cover  was  added  to  ratazd  malting. 

As  soon  as  gravel  was  dellversd  to  the  site,  smoavstlons 
were  puaipad  dry,  cleaned  down  to  solid  shale,  and  oonciota 
IbotiiigB  and  plars  w*ra  poured  without  difficulty.  Plsrs  wsio 
designed  to  withstand  fiost-heave  during  refreezing  of  the 
gravel  backfill.  The  piers  were  12  in.  square  at  the  top  and 
16  in.  square  at  tho  bottom.  These  foundations  are  satis* 
factory  but  expensive;  much  time  was  lost  in  placing  them 
because  Of  insufficient  site  invsstlgetlon  and  lack  of  advanee 
coordination  of  construction. 

FORT  SIMPSON 

Both  pile  and  poured  oonorete  foundations  were  pisoed  at  Fort 
aaipiseo,  an  Island  settlogMM  M  die  function  of  the  Uasd  and 
Maek*fml*  nvac*.  fluw*  tin  adieol  and  children's  boslsis 
proposed  for  Fort  Simpson  wet*  planned  AuUng  th*  construe- 
tlon  of  similar  buildings  at  Inuvlk.  it  was  anticipated  tiiat  the 
same  type  of  wood  pile  foundations  would  to  used.  Site 
investigations,  however,  showed  some  frost^ree  and  sosw 
frozen  ground  with  no  evidence  Of  water  accumulation  in  the 
test  pits.   The  original  mission  hospital  was  built  on  a  log 
mat  in  1931;  in  19S2  an  addition  was  built  on  a  concrete 
foundation  with  full  basement.  No  settlement  occurred  in 
either  part  of  the  building.  Several  other  concrete  basements 
In  the  area  had  remained  trouble  free,  so  the  buildings  were 
designed  using  imncrei*  piers,  spread  footings,  snd  partial 
basements. 

Soli  samples  taken  from  the  basement  areas  after  excava- 
tion to  the  full  depth  showed  ice- lenses  at  depths  from  6  to 

9  ft  and  permafrost  ir  half  the  school  excavation  and  most  of 
one  hostel,  wti;Io  the  other  hostel  had  been  excavated  in  an 
are:s  Ireo  of  pemafrost.    The  samples  revealed  that  in  some 
areas  the  sol!  contairied  ico-lenses  and  wojld  not  sustain  the 
calculated  foundation  loadi.    The  area  relatively  free  of  per- 
mafrost and  Ice- l('n?;f!-s  h.id  bt-e.-,  cle.iri>d  of  hruRh  ,^.nd  trees 
some  years  L^^fore,  ,13  Wftr.  the  c,\-':i-  1:1  all  other  .-hc.m  where 
full  basement;^  hud  txjon  buUt  without  dJUlculty.    Av.ss  where 
pera.afrost  occurred  had  been  cleared  lust  prior  10  excavation. 

The  siting  of  buildings  has  been  firmly  established,  the 
site  was  U.-nlted,  and  building  materials  were  on  hand  to  start 
construction.    Thus,  it  was  decided  to  build  the  buildings  as 
planned  but  10  rodc-injn  iho  foundations.    Furthi'^r  test  borings 
indicated  o  resistive  hari  stratum  20  ft  below  the  basements; 
it  was  decided  to  drive  piles  to  resistance  in  these  areas. 
Some         wood  piles,  ?5  ft  lornr.  with  12  in,  butts  and  8  In. 
tips  were  driven  in  clusters:  a  continuous  relnfOIOed  pile  Cap 
served  as  the  footing  for  the  foundation  walls. 

••AY  RIVER 

Kay  Rjver,  on  the  southeast  shore  of  Great  Slave  Lake,  is  on 
the  fnr/Te  of  the  pertr.afrost  ta.'ea  and  li'<e  Fort  Sinpscn  is  also 

on  an  island.  Many  of  the  i>uildings  have  been  built  on 
wooden  pl]*s  driven  Into  place  wtthout  lised  for  dnUlng  or 
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stea.Ti  Jetting.    Anew  ilfvelopnicn ,  hri-Mrvrr,  ho  s  recently 
gained  fiivor  In  H.^y  Rivor.    A  (orm  o(  pipe  pUe,  being  used 
with  9rf.1i  r.jccess  lor  loundotlons,  permits  use  of  full  base- 
ments.   Steel  pipes  t,  in.  in  diameter  are  used.  Well-drilling 
equipment  Is  used  to  dnvc  t.he  pipe  through  the  permafrost  to 
bedrock  at  depths  of  6y  to  75  ft.   The  pipe  lengths  are  welded 
together  and  filled  with  concrete  as  they  are  driven.  Although 
Its  economics  has  not  been  studied  in  dotal),  this  type  of 
fouttdatlon  is  gaining  In  use  at  Hay  River,  which  !•  connected 
by  read  to  Um  Albuta  oil  Uelda  where  6  in.  iHpo  oaatng  and 
well-diUUng  equlinnem  an  readily  avatlaUa. 

HUDSON  MY  ARM 

A  rr..ip  ol  C.inddr)  shows  that  Xhvrn  jri;  r.o  ucttlcrricnts  m  the 
cjrcat  barren  regions  east  from  Great  Slave  Lake  .zxcfpt  on  t.he 
Arctic  coast  and  the  coast  of  Hudson  Bfiy.    Building  found.1- 
tlons  in  permafrost  flrens  of  northern  Manuoti.j  are  similar  to 
other  5por."!dlc  permrtfrost  .iri-ns  nr.d  .irr  dii-t.itcd  by  the 
presence  .md  t.^ickness  o!  p<.:rorin;.5r.y  frozen  ground.  Most 
bvjildmijs  In  tcmtorles  north  of  ChurchUI  on  the  shore  of 
Hudson  Bay  have  been  built  on  corvcrete  piers  on  gravel  pada 
«ir  aalld  mdt.  or  on  nud  alUa  aat  in  vraval  pada. 

PROnSHER  BAY 

When  the  new  town  of  frobi'^h'-i  R._-y  on  B,i(f;n  Islar:i  -.vjs 
first  proposed  and  the  most  prob.Ttlc  sit<^  sc:ortod,  extensive 
drilling  was  undertaken  to  select  sit>?s  for  specific  buildir»3s 
and  the  types  of  foundations  best  suited  to  the  sitfs.  Thf 
result.s  of  these  le.st;,.  the  v.irylng  depth  of  ovcrbur  I  n,  -rvJ 
a  question  as  to  whether  the  overburden  was  still  moving 
toward  the  sea ,  led  to  the  decision  to  build  on  solid  locfc. 

The  main  part  of  the  town  was  to  be  built  on  a  plateau 
formed  by  blasting  solid  rtx:k  from  the  top  of  a  hill.  The 
hospital,  power  plant,  arvd  water  matnant  pUlU  wan  M  ba 
built  oo  a  rocky  hillside  immedtataly  imlh  ol  tha  tOMmalta. 
Rode  cofBs  indicated  a  medium-  to  coarse-grained  granite 
with  soma  fissures,  fractures,  aad uraathering ,  but  with  many 
of  the  fractuiad  planes  stnngly  emtaHad  together.  Tha  high 
core  recovaiy  iadleatad  that  l«wlaii«aa  wm  unlllwly.  A 
chack  of  pravlous  axcavations  and  aavani  additional  taat  pita 
all  abowad  aaapaga  immediately  on  top  of  the  pannaboat 
wherever  surface  aolls  ejdstad. 

The  first  building  araetad  wai  the  hospital  which  waa 
aituatad  partially  en  badrcwk  and  parttal^  on  ovarfauidan  7  to 
•  fldaap.  No  firaa«ieund  watarwaa  fbuadlntlw  toat  plttn 
liaa  am*,  fauttlw  aand  and  «ravel  of  the  ovarhurdao  wara 
Jodgod  to  fan  amoapttMa  to  a  gnund  watar  eondttloa  at  oactain 
tiawa  of  On  year.  It  waa  tharafora  raeomaandad  that  coo- 
erala  foundatlona  ba  plaead  down  to  badreek  far  tha  aatlfa 
buHdUig.  Saapaga  waa  axpactad  tfaieugh  tha  rock  faults,  ao 
pceinalon  waa  awda  to  faring  tbla  aaapaga  thnugh  hoatad  waep* 
lag  UtoB  to  auatpa  Inalda  Ilia  buHding  and  to  dlapoao  of  It 
through  the  sawomgo  llnoa. 

In  ganatat  thU  plan  ts  balng  eairlad  out.  but  nany  adapta- 
tiona  to  tha  silglml  plan  havo  had  to  ba  mada  aa  eonatructlon 
piegrasaaa.  At  tha  tia»  of  writing,  tha  ataal  firama  tor  tha 
building  waa  In  plaoa  and  oonuiole  floor  alaba  wan  pound. 
The  foundation  pcoblans,  howwrar,  bava  attll  not  baa*  eom- 
pletely  naolvad.  As  lha  OMoavation  proeaadad,  dw  aoUd  lodfc 
was  found  le  ba  nmeh  aai*  woalhand  and  faulty  than  antlei- 
patad,  and  tha  atnta  dipped  fnot  30  to  60* in  dlffarant  araas 
of  tha  axeavation.  Considerable  seepage  was  noted  in  the 
axeavation  wells  and  in  several  foundation  holes.  Difficulty 
was  enoountared  in  obtaining  any  sort  of  level  bearing  for  tha 
footings.  In  several  holes,  what  appeared  to  bo  solid  rock 
turned  out  to  be  a  thin  layer  of  rack  over  several  feet  of  sand. 
Eventually  all  the  excavations  were  probed  and  deeperted 
where  necessary  and  all  concrete  footings  were  poured. 
Sumps  were  relocated  and  deepened  and  it  is  now  felt  they 
can  handle  the  expected  volume  of  seepage.    Special  pre- 
cautions were  taken  by  placing  porous  backfill  covered  with 
asph.ilt  (..iving  .irou.-id  the  building  )o  dlv<-:t  suit.jco  dr.3in-jyc 
from  being  added  to  subsoil  seepage.    The  seepage  problem 
la  expected  to  be  contxoUad  fey  these  precautions. 
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FORTCHIMO 

At  Fort  Chimo,  on  Ungava  Bay  in  northern  Quebec,  a  simple 
refinement  of  the  gravel  pad  is  to  be  introduced  in  foundations 
for  the  new  school.  Permafrost  at  Fort  Chimo  is  considered  to 
be  continuous,  but  then  an  pockets  that  appear  to  be  frost- 
bee  where  the  soil  la  aiatnly  well-drained  sand.  The  active 
layer  at  the  school  site  varlea  from  $  to  7  ft  arvd  it  was  agreed 
diat  the  permafrost  must  be  pnaeived.  Both  gravel  and  peat 
an  found  in  the  ana;  it  la  felt  that  fay  including  a  layer  of 
peat  betwoen  layera  of  gravel,  a  batter  Inaulatiaa  biaaket  oaa 
ba  Inboduoad  between  «tm  toundationa  and  penaaboat.  Ite 
atta  wlU  ba  leveled  by  cut  and  fill,  and  the  peat  and  gravel 
pad  will  be  plaeed  and  eonpactad  aa  quickly  thaiealter  aa 
poaalble.  Foundatlona  will  ba  eonenta  toottnga  supporting 
a  atael  frame.  It  waa  expected  thla  building  would  be  atarted 
in  summer  1963  and  oonplated  in  1964. 

CONCLUSIONS 

A  .tludy  of  found. Mlons  m  pfirmatrcjl  iri'  it;  tcrds  tc  prove  that 
n  15  imjiosjihl.?  to  y.-norjiizo ,  to  rrod^rt  with  certainty,  or  to 
assurr.o.    Anything  can  be  built,  in  any  soil  co.-idition,  pro- 
vided the  soil  condition  is  known  and  ur.drirr.tood,  .ir.d  proper 
dfTlgn  prff  lutlons  are  taken.    In  dealing  with  permafrost  wo 
know  ".h  i!  ii  y  disturbance  ot  Its  natural  surroundings  will 
result  in  changes  in  the  structure  of  the  permafrost.  We  know 
that  these  changes  will  take  place  but  we  do  not  kaOW  With 
certainty  the  degree  of  change  that  will  occur. 

How  much  change  t.ikes  place  in  permafrost  when  large 
bulldir.<3i ,  'leveral  hundred  leel  In  length,  ore  built?  How 
much  dor-;  pi>rma(rost  recede  along  the  south  wall  which 
traps  the  sun's  rays,  and  what  is  the  rise  urxler  the  building 
and  along  the  north  wall  mtten  the  sun's  rays  are  cut  off 
paraunently  ?  When  aoma  action  raises  the  level  of  perma- 
frost so  as  to  dam  an  eatabUahed  water  course,  where  .v  1 1 1 
the  new  water  course  appear,  and  will  it  damage  the  founda- 
tions of  some  other  building  7  What  happens  when  piles  an 
dependent  on  refieezing  and  mfnaslng  falls  to  occur? 

Some  authorities  assume  that  tiian  la  no  pioblem  in  dealing 
with  solid  locfc,  but  can  this  assumption  be  accepted?  What 
was  believed  to  be  solid,  hard  shale  has  disintegnted  en 
exposun  to  air.  Seemingly  ioUd  granite  haa  broken  down 
into  weathand  stone  and  ooeae  aand  whan  thawed.  It  is  not 
aate  10  aaauae  that  fnaen  rock  will  piovMe  a  trauUe-frae 
bearing  far  louadationB.  Design  of  foundatlona  must  oontlnue 
to  be  baaed  on  the  beat  available  alta  Intormation  oouplad 
with  the  knowledge  that  deslgna  will  probably  ba  altered  to 
auit  on  site  eenditioni  as  these  en  dlacloaad. 

Ihen  la  no  pteblam  in  designing  toundationa  In  pemafreat 
anas.  Then  la  only  the  problem  of  nallalng  that  pantefrost 
axlata  in  a  wide  variety  of  forms,  and  of  undentandlng  the 
paiticular  variety  with  which  you  have  to  deal.  Ihla  can  be 
almpUfled  only  by  mon  thorough  site  invetUgatlona  prior  to 
toundallen  design  and  fay  study  of  the  reactions  of  Htm  aany 
types  of  toundationa  built  In  various  types  of  pamafaeat  in 
leoent  yean.  If  dile  paper  accompHahea  notUng  olaa.  I  hop* 
It  will  underline  the  need  for  investigation,  vlgllenoe,  and 
ftaxlblltty  In  dealing  with  foundatlens  In  pwiaafroat  aioaa. 
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TUNNELING  AND  SUBSURFACE  INSTALLATIONS  IN  PERAAAFROST 


GBOHOB  K.  SWUBOW,  U.S,  Hfny  Cold  Ragloat  ItoMireh  md  BnttaMitBg  Labocalory 


Mining  and  tunneling  In  permafrost  la  often  done  ftM-  Industrial 
purposes.  Bakakin  describes  iMthods  of  (ubsurf«ce  excava- 
tion in  pi'rrr..ifro^.l  :ise.d  in  $av«nl  CMl  Hid  am  miMt  til  UM 
Russian  Arctic  [1,  Z,  3], 

There  remai.-is,  however,  a  need  for  further  knowledge  of 
the  principles  and  specific  conditions  affecting  subsurface 
work  in  permafrost  and  for  fomnlatlng  oltarla  for  apptylng 
mining  methods. 

For  ;his  purfotiO,  Uie  .Sr.ow,  Ice,  and  Permafrost  Research 
Establishmerit  (now  cdUcd  (he  Cold  Regions  Research  and 
Engineering  Laborataryl  undoriook  a  full  loalt  |WOgran  Of 
subsurfrice  excovation  In  permafrost. 

The  fjct  thjt  Fernit)(roa!  varies  In  temperature,  moisture 
(ice)  cofiient,  and  litholoTy  presented  a  pjoblcm  in  selecting 
iht:  er.vl.-Q:.inent  for  the  first  experimental  tunnel.  The  Thulc 
area  (Ylq.  i)  was  .ielected  because  needed  support  was  avail- 
able, permafrost  in  the  area  Is  cxCrMWly  ooM  and  IWMldwy, 
and  has  a  low  moisture  content. 

Tunneling  began  in  summer  1959  and  ended  In  late  August 
1960.  During  this  time,  the  period  of  operation  consisted 
roughly  of  tvro  3  month  seasons  with  two  shifts  a  day. 

Ail  previous  tunneling  tn  permafrost  was  done  for  practical 
purposes  only.  Ther«  la  noncord  of  tunneling  for  research. 
Tha  work  dasorlbed  hera  punmd  Uie  tasks  of:  <1)  Establishing 
a  faaaibla  aathod  for  tubraifaoa  axcavatlon  in  the  type  of  per- 
aafoct  aneouniarad.  and  (2)  imraativatlns  phytlcal  pcoparuaa 
of  that  typa  of  paraafirost. 

THE  EHVIROKMENT 

Permafrost  Litholoqy 

Tha  tuanel  panalrataa  a  baavy  bawldar  Ull  of  diaraolHiaao 


composition.  The  matrix  Is  completely  fresh,  with  no  vlsibla 
traces  of  oxidation .  Dark  gray  and  almost  black  colors  pra- 
vall.   Only  igneous  and  metamorphlc  rocks  are  noticeable 
among  the  boulders:  The  first  are  basic  and  some  ultra  basic 
rocks,  with  syenite,  granite,  and  granodlorite  os  exceptions. 
The  metamorphlcs  are  black  slate,  some  mlca-schist,  and  a 
a  pink;  qjartzlte . 

The  till  has  two  diatlnc!  stratlgraphlc  hof  Uons  .  Excavation 
beginr.lnij  5  30  ft  trcm  the  portol  revealed  a  buried  land  surface 
similar  to  that  presently  exposed.   There  was  evidence  of  pat- 
terned ground,  truncated  by  glacial  erosion,  boulders,  and 
stream  channels.   Stream  chan.ieJs  consisted  either  of  large 
bouldera,  un)y  loosely  tremenled  by  clean  let;  or  sand  lenses 
of  very  uniform  mechanical  composition.    Both  are  character- 
ized by  jl.T;Ost  complete  absence  of  the  clay  size  fraction. 
Till  under  the  ancient  surface  appeared  to  be  identical  to  (hat 
abova  tt.  No  organle  malarial  waa  Ibund  during  aMoavatloa. 


MfftStWe  Di»tTtbution 

Moisture  content  of  the  active  layer  varies  from  aero  at  tha 
surface  (in  dry  weather)  to  a  permanent  100%  filling  of  the  pore 
space  at  the  top  of  the  pemiabost.  Below  the  uppermost  layer 
of  permafrost,  ji  n.si  .re  content  drops  to  a  const  :  t        ;  ntent 
of  6  to  \  D%  or  50%  of  the  pOTO  space.   This  rcrrij.ru  the 

same  regardless  of  the  typ*  of  material.    H  j ,  , nslder- 
ing  that  aboji         of  the  moisture  is  reialr.rd  tn  the  p-iires  of 
material  iir.er  than  MSji,  the  moisture  distribution  curve  based 
on  this  fraction  reflects  the  changes  In  llthology.   Free  macro- 
scopic Ice  could  ije  obser.'ed  in  voids  of  co.3rse  b<.;uldory 
material  and  as  a  thin  layer  below  large  boulders  inclosed  in 
tlU. 
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Fig.  1.  Plus  sign  on  map  shows  tunnel  one  mile  north  of  Tuto  and  1/8  mile  west  of  the  icecap 
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A  more  common  phenomenon  Is  exfoliation,  manifested  by 
lc«  lilted  orsolu.  Each  luch  fUwr*  U  opMted  to  «  siM  fron 
O.a  10  1.0  em  and  la  fUtod  wllh  Ice  doeugtwut  its  Imgth. 

Tawpirattiwa 

Tht  Thult  a:c.3  p>:rnjfrnal  i-j  irvb-iiAy  cm.'  of  ihr  cnlrjr.-nt  i.-,  the 
world,  hjv:r;C!  temp vraturoa  below  the  annual  lluctuatlor.  iayc-r 
that  reir.i  -13  C  ('jTI.    The  'JiiciLes-.  overburder. .  jt  the  far 
end  o!  Ihr-  i-ii.it-l,  tencliea  icugjily  1  ji;  !:.   Tlie  !lr*t  reliable 
data,  obtained  at  a  time  when  tunneling  progress  did  not  dis- 
turb natural  conditions  to  a  large  degree,  disclosed  that  the 
lowest  temperature  at  the  end  of  the  arctic  sumir.i  r  ■.•.;!.■,  at 
190  ft  (-IJ'C):  at  600  ft  a  tompcraturo  of  -lO^C  w<ji  ouservcd. 
RecalcuLitcd  to  vertical  distribution,  the  measurements  con- 
stitute the  follT.v'nq  data:  Thlcltness  of  active  layer— 1  to  5  ft 
(depending  on  tJ^ie  micr jchn-jtu  Ice-wedges,  etc.):  depth  to 
zero  yearly  [:iv.->iigi!s  — (;:uglily  1j  ft:  thermal  gradient  below  that 
layer— rough !■/  i-i  tt  :  ;  I  'C.  .Sub--ii'..;Lii^r.t  observations  Indlcat* 
that  the  tunnel  air  uunix.^rctturus  oqualizo«  at  around  -11°C. 

THE  TUNNEUNG  OPERATION 

location 

Tha  tiinnal  la  about  12  nllaa  tautteasl  of  Tlmla,  Gnontend. 
tt  la  on  ■!  ravine  ilopa  Cutting  throttgh  eoarao  bouldar  till 

cemented  by  ice. 

The  location  allowed  f^r  horizontal  tunneling  without  an 
access  shaft  and  for  easy  disposal  of  mined  debris.  The  whole 
area  is  modified  by  repoaiod  glacial  abrasior; .  The  active 
layer  In  the  area  does  not  exceed  4  to  S  ft.  The  proximity  of 
the  Icecap  and  northern  exposure  of  the  portal  of  the  tunnel 
assured  comparalivo ly  litlle  melting  and  Irosl  movement.  This 
was  a  help  in  penetr.j'.im  :he  jctlve  layer  and  enterint;  the  per- 
mafrost.  At  the  sr.e  selected,  trjeit  water  and  slumping  deUris 
posed  only  mines  ilifili  u  Itles .  The  road  tu  t.'iif  tunnel  site  and 
the  excavated  flat  jdd  lor  surface  InsioUaUons  proved  to  be 
stable,  despite  intensive  use  durirr;  the  two  consecutive  sea- 
sons. Continuous  daylight  and  comparatively  mild  tempera- 
tun' ;  1 II  in'j  jui  summer  (aelUtatad  a  two  ahlft  opamtton  during 

the  field  sci-i.icn3. 
Tunnel  Conitguratlon 

Tha  tMN>  naaona  oi  meawatliif  raauliad  In  a  SOS  ft  tuoaal 
InclHdlng  tfarae  roona  ott  tha  Bttin  drift.  Tha  tirtt  ncm,  to  tha 
left  at  the  end  of  a  10  ft  loag  adit,  la  aaparatad  from  the  aialn 
mnnal  by  a  doublo  bulMwadi  Tha  room  (apptagdnataly  10  by 
10  by  12  ft)  was  planned  for  long-ranga  um  to  obMrvtag  die 
heat  properties  of  paimatraat;  tlHis«  It  la  eqiilppad  witb  two 
fflutaally  perpendicular  aanlprofllaa  of  thanBoeeuplea  and 
taaaiara  which  provida  a  heat  aenroe . 

Beginning  at  tha  300  ft  mark,  die  tunnal  hat  a  6  by  7  lo 
7  by  a  ft  cross-  section.  At  the  490  ft  mark,  another  room 
(14  by  16  by  1 2  ft)  was  excavated.  This  room  has  a  smooth, 
flat,  permacrata  floor,  precast  built-in  ftimltura,  and  a  founda- 
tion for  a  seismograph  also  cast  from  permacrata.  This  room 
was  used  as  a  general  cold  laboratory.   From  S45  to  60S  ft, 
four  cross-cuts  to  the  right  lead  into  a  60  by  SO  by  6  ft  room. 
The  main  drift  is  protected  by  three  unequal  pillars.  The  pur- 
pose of  the  room  is  twofold:  (1)  To  investigate  the  possibility 
of  excavating  and  maintaining  a  large  opening  suitable  as  a 
shelter,  and  (2)  to  observe  long-range  deformations  over  a  wide 
span . 

The  phorvomena  of  roof  stabilization,  exfoliation  of  over- 
loaded pillars,  and  ch.<r<j<-  at  ' r.'c-rburden presivn  Will also 
be  a  subject  of  long-range  study. 

Summary  of  Operation 

For  excavation ,  the  conventional  hard-rodc  tunnallng  meOiod 

was  modified  slightly  to  meet  the  low- temperature  require- 
ments. The  mining  cycle  consisted  of  the  four  routine  ele- 
ments:  tJrilllng,  blasting,  ventilating,  and  mucking  (removal 
of  debris) .  Driiiablllty  oi  irosen  boulder  till,  instrument  wear, 
and  aiachina  parformanoa  on  a  two^aefc  large  opening,  ware 
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studied  and  reported  on  by  Abel  [4j  .   On  the  basis  of  his  find- 
ings, the  functions  of  the  four-cycle  components  were  inves- 
tigated further  during  the  1960  field  season. 

Drilling  time  for  one  cycle  required  about  40  mln;  an  extra 
20  mln  was  needed  when  large  gnelssic  bould^s  had  to  be 
penetrated.  The  drilling  fluid  (originally  gravity  (ed  from  tha 
surface)  oonsisied  of  slightly  dllutod  antifreeze.  Significant 
dilution  resulted  in  line  freezeup  over  night.  Lalar  weak 
solutions  of  lintifreeze  (one  volume  of  Isopropyl  alcohol  to 
25  vohiines  of  water)  were  dallverad  to  the  drills  from  a  SMblla 
pressurised  tank  brought  Into  the  tunnel  shortly  before  drlUlng 
time. 

The  mucking  operation  laated  from  one  to  throe  hours,  aver- 
aging about  aaven  silnutea  a  car.  A  normal  shift  oonsisted  of 
mucking  tollowad  by  drilling,  then  blasting ,  and  would  be 
repaalad  to  form  Mm  eemptote  q^tes.  Tbe  two  ventilating 
tlnwB  fsU  on  Oie  hndi  hour  and  shift  chmge.  A  typical  one- 
shift  day  would  reault  In  a  ft  of  S.S  by  7.5  ft  tannel.  The  rate 
of  pcogresa  decreased  during  crossoutttatg,  room  excavation, 
and  other  nonroutine  Jobs .  The  final  average  produettvlty  of  a 
two-cycle  shift  caam  to  $.37  ft  of  tunnel,  or  9.7  cu  yd  of 
excavated  material. 

The  seven  men  per  ahlft  employed  at  the  alte  ipielUied  aa 
IoUowb:  One  ahlft  boaa.  one  exploatves  men,  one  generatar 
and  compressor  operator,  two  (Mllars,  one  aMCiker,  and  one 
mucker  belpsr .  When  a  particular  step  In  the  cycle  was  in 
progress,  the  men  in  charge  eendueled  the  operetlon  widi  die 
rest  of  the  crew  as  helpers. 

Attempts  to  strengthen  the  crew  by  adding  men  did  not 
Increase  productivity  during  regular  tunneling.  The  effloloney 
of  tunneling  In  permafrost  may,  however,  be  slightly  Increased 
by  working  four  rrews  on  four  6  hour  shifts  around  the  clock. 
Such  an  operation  may  be  more  productive  and  is  recommended 
in  sltudtkms  wher<-  sj^-ed  is  more  Important  than  cost. 

There  was  a  totjl  :>[  ICy  prt>ducllve  shifts  with  19  mainte- 
nance and  constr~uction  shifts.   Only  thn-c  -ihilts  were  lost 
due  to  bad  weather.    More  shifts  would  have  boon  lost  If  the 
work  was  d  j.-.e  ut  the  surtuco;  cnce  begun,  tunneling  In 
permafrost  la  njt  effected  ty  wi-ather . 

The  total  permrtf:::st  •-•xu.iVLitr-ii  wji.i  lLiS6  cu  yd  in  place. 
Each  mine  car  was  filled  with  an  .iver.uji-  nl  20  cu  ft.  The 
excavated  material  was  trammed  In  i,4^0  m.yiv  :jaT-j,  which 
indicates  an  expansion  factor  of  1 .6.  Total  footage  drilled 
was  15,245  ft,  oran  averageof  14.43  fteu  ydof  permaboat 
in  place . 

The  16  in.  light  minir>g  track  system  used  for  tramming  Was 
found  suitable  for  the  6.  S  by  7.5  (t  tunnel. 

The  operation,  conducted  on  a  single  track,  did  noi  require 
any  turnouts  or  car  transfer  operation.  Side  spurs  to  the  rooms 
in  the  tunnel  assured  an  operation  without  an  excess  of  track 
work. 

Under  the  given  conditions,  tbe  Type  Z  (Denver  Equipment 
Co  J  24  cu  ft  we  oar  waa  found  moat  satisfactory. 

The  ore  oars  were  bautod  by  e  Mancha  storage  battery  loeo- 
motlve.  Hand -tramming  occuned  only  for  a  short  time  «t  the 
start  of  «peratiOBB.  WUh  lenger  dlatanoea,  madiiiie'««mmliig 
pimed  to  be  mora  efficient. 

flHcfclng  w«s  aooompllstaed  twith  en  Bimce  Model  12b  Itoehar 
niovel  (EUBOO  Corporation,  Sett  lake  City.  Utah).  This 
proved  to  be  a  reliable  awcMne,  requiring  e  mtobeum  of 
SMtoiananee. 

The  CF-1SL-4S9  Air  Leg  Drills  (Chicago  Pneumatic  Tool 
Company,  New  York,  N.Y.)  parfcrmed  well  under  the  apeelfle 

oondUioas. 

The  compressed  air  supply  wee  eftecrled  by  tbe  cold  envir- 
onment. loB  depoatied  by  air  enter  tog  the  subsnzfaoe  preaaure 
Ibiea  oooupled  as  muob  as  7S%  of  the  cross  section  along  the 
entire  tongdi  of  tbe  pipe.  The  procedure  suggested  by  Weber 
(1959)  of  spraying  antiteeie  Into  the  pipeline  proved  lo  be 
Imprsctlcal:  Tbe  diluted  solution  accunulaus  in  die  lower 
parts  of  the  pipe  and  refreeses.  The  most  economical, 
allhou^  radical,  solution  was  to  remove  the  complete  pipe 
system,  melt  the  Ice  out,  and  then  rc-insldll  the  pipes;  six 
men  could  finish  such  a  )ob  in  one  shift.  Under  similar  con- 
ditions, de-telng  should  be  repeeted  every  three  to  fcur  weeks. 
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All  power  needs  ( u^cl^Jir.g  ^jbsurface  operations,  surface 
maintenance,  battery  rechuge,  etc.)  were  MUsiil«d  by  trom 
30  to  40  kw  of  AC  current  and  hf  300  cu  ft/ailn  of  100  pti 

surface  pressurized  air. 

Misculldnoou*  Uses  of  rrtiotlna 

In  the  usual  mining  procedure,  some  eUort  Is  always  needed 
to  lay  rails  and  switches  on  a  flat,  stable  bed.  Additional 
work  (or  maintenance  of  the  rail  system  Is  always  required.  A 
permafrost  onvironrr,er.i  ol,Tipl.!;t- 5  rhis  to  o  rr.iniTiuai.  R.'.Jwnrk 
laid  out  on  a  flat  layer  of  comporot.vely  fine  rr.afcrlci;  becoiries 
permanently  bor.dea  i  i  Ihe  oed  aiid  very  stable  if  sn.Tie  moisture 
Is  added  ntii-.r  ;hij  Uiyuut  l»  comt-k-ti!:! .   Tin;  r;iMiil  lor  ties  Is 
IT. m .n izi.-d  .ind  n'..untor.ancc  U  roduct-d  tc  o  m.^gligib^r  amount. 
Although  it  la  no;  provon ,  It  Is  slrcmgly  3U3[:'Oc:i--d  Ih.jl  tho 
useful  life  of  rail  systems  in  permafrost  envircriTicn'.:;  becomes 
almost  unlimited.  Similar  uses  of  the  freezing  environment  are 
made  in  many  cases  where  backfill  was  needed  to  prop  up 
•quipmeni,  make  loundations  for  inachines,  etc. 

BIABTDIG  AND  BCPLOSIVSS 

Types  of  Explosives 

The  selection  of  appropriate  explosives  lor  herdtock  turuvelinq 
makes  the  difference  between  success  and  fallurt.  Slnoa 
there  is  virtually  no  record  of  application  of  exploslvas  to  the 
particular  type  of  permafrost  encountered,  nine  varleclet  were 
UMd  during  the  19(0  excavation  aaaaon.  Nonaal  praduciioa 
weyM  not  totorata  auch  a  virlAty  In  atmngtli.  v«loolty«  and 
aanaltlvlty,  but  U  waa  aaeeaaaiy  to  llmt  «lta  awat  aiUtaUa 
uMploalva  Car  tha  paitlcuJar  trpa  of  pamafion.  lha  axploalwas 
ua«d  can  ba  leughty  dtvMM  into  thraa  gioupsi  (1)  Klgh 
atraneth  and  valoolty,  (3)  madlum  amog^  and  valo«lty,  and 
(31  low  airangth  and  valedty. 

Gioup  1  ineludad  lOOK  atsanBlb  QalaUne  (HorBtitoi)  and 
nallaaUa  MlUtaiy  Domolltlon  Bloalc  0-4  (26,379  ft/aod. 
CSioup  2  oonclatad  of  a  vartaty  of  aicploalvaa  ineludUiQ  WK 
Galatim  CGalanlla  1*X.  Maieulad,  Galatliia  Bxtw  fSK,  Mltio- 
GlyoMUw  00»  iRaitoiatti) .  and  liw  MlUtarjr  aoqilealva  M-1 . 
Group  3  waa  alao  of  «raat  varialy  Indudliv  Nltro-Olreailna 
SOK,  OalatUia  btre  3091,  and  a  40ft  Oalatlne  (DuPom).  Ihta 
dlvlalon  w»a  far  dw  aiiparinaiMr'i  use  and  is  not  fiopoaad  aa 
a  atandand  elaaaiflcallon.  Ganarally.  for  proper  undaralandlng 
of  alvJoalwa  amion  on  the  excavating  medium,  Una  propartlaa 
anat  ha  eonahlered:  Strength,  velocity,  and  brlsance. 
Strongtb  may  be  defined  as  volumetric  ratio  of  the  explosive 
to  Ita  gaseous  product;  velocity  may  be  the  reaction  time 
(duration  of  explosion  in  a  gtvan  oharga),  but  it  is  also 
defined  as  propagation  time  of  an  explosion  along  the  charge: 
brisanoe  is  a  measure  of  time  elapsed  from  the  start  to  maxi- 
mum force  developed.  Usually,  strength  and  velocity  Increase 
proportionally:  brlsance  depends  greatly  en  tha  ahapa,  danalty, 
and  mode  of  application  of  a  charge. 

Results  of  Observations 

Tha  axploalvaa  %rara  uaad  undar  a  vuta^  of  eondltiona,  audi 
•a  difftoant  atanuabig,  prlnlno,  and  dapih  of  hate.  In  addttton 
to  tha  usual  salaty  and  aiablUty  raqutnnianta ,  tha  natun  of 
(ha  envlronmant  daaaadad  tt»tt  (I)  Matarlal  ihould  ba  Inaan- 
altlva  to  low  taatparatum;  and  (2)  tt  ahould  bo  inaanaltlva  lo 
praaauraa  alnca  wat  naauilng  nay  fraaaa  back  rapidly  and 
astart  praasufa  on  the  ahavga. 

Htgb'voloelty  anploatvaa  wara  found  to  ba  axoellant  In  dialr 
ahattarhig  aetloa  and  wara  idaal  tar  firaetiiring  large  bouldara. 
Howawar,  thair  ovar-all  parfOnaanca  waa  hiisrlor  due  lo  itaair 
vwy  limited  haevlng  aeiton.  There  was  also  a  tandeney  10 
blow  tha  staaimlng.  Sansttlvlty  o(  high'^elodty  axploalvaa 
waa  another  ttam  ol  oonoem;  generally,  the  hK^iar  dta  attaoglh 
and  valoelty,  dia  ana  the  sensitivity  drop  under  the  lafkiaBaa 
of  low  tampecature.  For  example.  Military  C*4  exploslva  ba- 
oaaw  io  Insansltiva  that  11  could  be  set  off  only  If  uaad  with 
haavy  beostar  cbargaa  ol  high- velocity ,  Nitio-Glycaflna  dyna' 
mta.  MlgiipBirangtii,  hlgh^aloeity  aiqrioalvaa  eeuld  ba  uaad 


only  '.vlnjn  ihc  iinif  botwoen  lortdlng  nnl  firing  w,^s  so  short 
that  tho  charge  did  not  rool  dow:-,  not.it;ly  d-.g.,  lor  snoU  Jobs 
of  reblosting  or  safety  explosions) . 

Low-strength,  low-velocity  explosives  required  large-diam- 
eter holes,  cartridges  and  large  charges.    This  resulted  in 
excessive  drilling.  The  only  successful  result  was  obtained 
by  simultaneous  setoff  of  charges  of  the  whole  face,  ainoa 
there  was  the  dangerous  tendency  of  charge  cutoff. 

Contrary  to  Anderson's  recommendations  [5],  our  experi- 
ments demonstrated  that,  medium- velocity ,  medium-strength 
explosives  produced  the  best  results.   Two  experlmentel 
rourKls  were  fired  with  high-power,  high-velocity  axploalvaa 
in  the  central  holes  and  amdlum^elocity  powdara  in  tha  Mat 
of  tha  drill  holaa  (aaa  Plga.  2  and  aa,  ta).  Daapiia  aona  ax- 
ceaalvo  spread  of  tha  suiek  pUa ,  satlsfacigry  raauks  warn 
obtained. 

lha  uaual  delay  of  tha  flia  round  (Pig,  2)  la  applteabla  only 
to  notaal  half-aaooad  delay  caps.  The  uaa  of  amUaaeood 
dalaya  waa  unauccaasful  in  two  saapoctct  (1)  nagnantatlon 
waa  too  kngulai;  and  (2)  tba  muA  waa  ton  MgMy  apnad, 
alnea,  whSla  MlU  In  tha  air.  natarlal  Uberated  by  the  first 
Uaat  was  puahad  down  the  drifts  by  subsequent  axploalona* 
Moraovar,  aavaral  easaa  of  sympatheuc  exploalona  wara 
obaarvad  while  using  mllllsacond  delay  capa.  lha  eauaa  la 
ebaeure.  Peiheps  the  ceps  became  awce  sanaitlwa  or  an  intar- 
farence  of  two  or  more  compression  waves  sat  the  renwlnlng 
charges  off.  In  eny  case,  more  experlowntatloa  la  naadad 
before  mllUsaoond-dalay  capa  ean  ba  aueeaaaftilly  appllad  in 
permafrost. 


Powder  Ratio 

Tha  powder  ratio,  as  understood  hare.  Is  the  relation  of 
aoMunt  of  explosive  need  (In  lb)  to  volume  (cu  yd)  of  In- place 
lock  removed.  It  Is  Influenced  by  the  particular  set  ol  condi- 
tions (sudi  as  Uthology,  type  of  work,  etc.).  Thus,  the 
powder  ratio  is  a  highly  variable  factor.  It  Is  also  affected 
by  tha  poaltkm  of  die  charge  In  (ba  hole,  nannar  of  prlnlng, 
stemming,  etc.  In  addition,  spaolal  condltlOM  anooun- 
tered  in  perowiraalt  Ita  low  tanparatun  and  apparaiat  alaa- 
ticlty  (a  .g . ,  Ita  roaiatanoa  to  ahoek    vary  abort  duration) 
daoraaaaa  daa  afflolanoy  of  ilia  explosion.  Briaanoa  la  of  only 
noderats  vahia,  aInoa  any  feraa  appllad  to  diatotagnta  a 
ftosan  hatanganaoua  natartal  should  ba  applied  to  ita  waakar 
portion,  dia  loa  bond,  rathar  than  to  aolid  faauUara. 

The  advantage  of  a  nanow  oona  vdiUa  uabig  hlgh-valoolty 
axploalvaa  la  dwt  It  BinlBlaaa  outoff  of  adjaoant  ehaigaa. 
Hewavar.  hlgh-«aloelty  axploalvaa  ahattar  larger  bouldara, 
ralfaar  than  on4r  Una  natrte;  Hom,  tha  owar-aU  raault  la  a  peer 


Fig.  2.  Tunnel  cross  section  shows  the  18 
charged  holes:  numbers  iivdicate  fuirtg  order; 
asterisk  indicates  relief  holes:  high  velocity 
exploaivaa  (indicated  fay  1)  are  recoounandad 
to  uaa  in  tta  bum 
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Tabia  I.  ftmdet  ratio  (blasting  of  permafrost  undw  OOmWIMnt 

UM  ol  explosives,  1960  field  season) 


Fig.  3.   Delays  3  and  4  not  seen  In  cross  section:  a.  LOBfl- 
tudUial  a«ctton  ol  drill  p«tt«rn;  b.  Action  of  ona  round 

powder  ratio.  There  Is  also  a  tmdancy  10  blow  Uw  holt  to  aa 

much  as  75*  of  Us  length. 

By  '_:sir>g  meijijm- velocity .  medium- ctrer-jth  explosives,  tiM 
powder  ratio  could  be  brought  to  a  nmimum  v-aiuo  of  J  1  lb/ 
cu  yd  of  permafrost. 

Table  1  shows  the  results  ol  powder  ratio  investigation  and 
the  Influencing  circumstances.  The  table  praaantB  a  aalacthm 
of  ;y;i|r.jl  cases  at  various  stages  of  work. 

Th'-'  first  cjse  is  the  conventional  app'llcatlor.  of  the  explo- 
sives with  moderate  stemming.   Each  rcund  la  rwo  -1  lb  blocks 
of  explosive  primed  at  Its  middle.   Trie  u-ibUf  is  b-iscd  on 
expertrr.or.tisl  rounds  of  the  same  drill  pattern.  Rock  conditions 
are  comparable  .ir.d  .10  is  overburden  pfCSSura.  Iba  MOW 
schetr-e  [jf  r.rir;nrtl  dclrty  p<jttrrn  wa«  used. 

Doto  summarized  In  Toble  1  Indicate  some  success  :n  the 
improved  application  of  explosives.    E>03plte  the  fact  th.il 
explosives  are  the  cheapest  source  of  energy,  excessive 
use  of  thum  would  present  a  ptl(«ll  in  excAVAtlon  costs, 
oupi-ci.iiiy  under  arctic  conditiolu  wtara  ttaaB|iartatlaa 
expense  may  become  probibltlva. 
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."Jil  1  Lif aclory:   No  fragments  lorgor  '.h.in  1  cu  ll;  Unsat isf.3c)ory: 
Fragments  of  1  cu  ft  or  Icrger  are  noticed.  Mucking  presents 
dlfflcttltlaa 

aa  ttM  Tuts  panuflroat  tunoal  (-10^  10  -I3*0  praaanta  an 
excellent  opportunity  to  use  a  method  which  could  seldom  be 
uaad  otbsfwiaa:  mud,  wet  tamped,  would  adfraasa  solidly  to 
OMdrtUiioto.  It  waa  found  that  by  uawliia«ltlitaactog 
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material  (O'C)  the  time  for  the  hole  to  freeze  solidly  was  as 
short  as  15  mln.  By  experimenting,  it  was  found  that  a  mix- 
ture ol  silt  and  clay  adireozos  bettor  and  locks  the  hole  lighter 
than  convenient  clay  stemming  which  always  remains  plastic 
and  only  serves  to  plug  the  drill  hole.  The  favorable  powder 
ratio  which  was  reached  near  the  end  of  tho  season  is 
attributed.  In  part,  to  refreezlng  of  the  stemming. 

One  explanation  of  the  high  powder  consumption  during  the 
1959  season,  as  well  as  the  beginning  of  the  1960  season  is 
that  there  are  Indications  of  initial  shots  in  the  round  cutting 
off  parts  of  explosive  charges  in  the  subsequent  holes. 

VENTILATION  AND  AIR  FLOW 
Natural  Air  Flow  and  Its  Modification 

Natural  air  flow  in  the  tunnel  during  the  summer  is  fairly  sim- 
ple to  demonstrate.  Warmer  outdoor  air  enters  tho  tunnel 
through  tho  portal  and  moves  slowly  Inward  depositing  hoar 
frost  on  Its  walls.  The  dry,  cold,  dense  air  moves  along  the 
floor  of  the  tunnel  forming  a  layer  1 .5  ft  high.  That  layer  is 
easily  recognizable  by  the  absence  of  hoar  frost  on  the  lower 
part  of  the  tunnel  wall  (Fig.  4a). 

An  explosion  at  the  end  of  the  tunnel  Instantly  liberates  a 
large  amount  of  hot  fumes  and  offsets  the  natural  circulation, 
thus  forming  dangerous  stagnant  fume  pockets  (Fig.  4b). 
Forced  ventilation  applied  at  two  points  which  act  parallel  with 
natural  convection  currents  was  most  effective  (see  Fig.  4c). 


C  ■ICOUWCNOCD  vfNTw*r«N  Kr-L» 


Fig.  4.  Summer  ventilation  In  e  cold  permafrost  tunnel 


c.  4. 


rtg.  S.  Application  of  artificial  frozen  soil  mixtures:  a.  Column  supporting  a  loose 
roof  slab;  b.  tunnel  section  protected  by  a  combination  of  poured  permacrete  and  pre- 
cast bricks:  c.  bulkhead  made  of  large  precast  bricks;  d.  diesel  fuel  storage  pit 
poured  in  place  and  lined  with  fine  grain  frozen  material.  Finish:  Clay  slurry  applied 
with  paint  brush 
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With  this  OTangonent ,  ventilation  time  was  cut  down  to 

IS  mln«      oompared  to  as  long  a*  65  mln  using  raversed  fana. 

Effective  fan  capacity  was  found  to  be  1000  cu  ft/mln  In 
both  dlrecUona.  This  (Igwe  is  based  on  use  of  a  JoyAxivane 
exhaust  (an  (7.$  hp,  35(K)  ou  f^iln  at  4  in.  water  pressure 
dlffwMtleO  eonneeted  with  s  eanvaa  flexible  ventiletlon  pipe 
of  24  in .  die .  and  of  a  3  .$  hp  fan  of  oacieapondlngly  lower 
espselty  on  a  rigid  ventilation  pipe  eoirytng  In  fresh  air.  (The 
dllfaranoa  between  the  eatunalad  and  aemlnal  fan  eapaolty  was 
due  to  line  loss  along  the  SSO  ft.  It  was  abnomally  high  due 
lo  hoar  frost  forahig  In  die  line*) 

PERMACRETC  INVeSTIGATIONS 


■'.j':-:  .1-: 


Early  ir.  the  work,  the  low  temperoturu  of  •.hi-  cr.viror.mer.t  wos 
thought  to  hinder  tunneling  oporaticns,  but  very  :;non  tonfjcra- 
tures  prevailing  m  the  tunnel  (between  -K<'^  and  -I3~  C)  were 
found  to  have  more  advantages  than  disadvantages.  When 
properly  clothed  and  fed.  men  could  stand  10  and  12  hour 
shifts  without  any  appearance  of  fat iguu .  fxpo^urc,  uickn<-s«, 
or  frostbite.  It  was  found  also  diat  low  t<      ' t  iiuro  Ti.iy  be 
utilized  for  Increased  safOtyi  ceases  of  unsafe  fractured  roofs 
were  ooirected  uistantaneouBty  by  epraylng  with  watar  and 
later  with  a  mud  slurry. 

When  large  slabs  in  die  roof  became  "drummy,  *  they  were 
propped  up  with  columns  moMed  from  frozen  arttflci<tl  concrete- 
Ufce  soil  mixtures  (Fig.  Sa).  In  all  cases  where  a^:'}>Uc^lulc, 
this  was  safer  and  better  than  reblastlng  to  bring  the  roof 
down.  One  seetloo  of  the  tunnel,  oonststtng  essentially  of 
large  boulders  cemented  by  loo.  was  lined  with  brloks  made  of 
fine-grained,  frocen  material  (Tig.  SU  •  Because  of  the  ease 
of  application  and  comporatlvely  high  sivengtb,  this  approach 
was  used  widely  fcr  modifications  and  Inprovanent  of  the  tun" 
nal  (e.g..  see  the  bulkhead  fcr  a  small  research  laboratory 
shown  m  Fig.  Sc).  For  this  tMson,  and  beeausa  of  the  diffl- 
cuttlea  of  cur  big  ordinary  ooncsete  at  low  leaipeniuras ,  the 
study  of  permaoreta  was  bittiated. 

The  tarn  "panaacrata"  Is  usad  lo  daseribe  artificial 
ooncreie-Uke  mfacturea  of  soil  aaiarlals,  whldi,  srtien 
cemented  by  lea  forming  la  thalr  pores,  tern  a  consolidated 
aggregate  useful  as  a  eonstnictloa  malarial  In  cold  regions. 
Tho  reauh  of  laboratory  and  field  invasilgattona  of  parmacrata 
ts  summarised. 

Summary  ot  Ponnjcretc  Studies 

A  detailed  account  on  prallmbiary  urork  In  panMcraia  during 
die  excavation  period  was  givan  by  Swtaisow  [6] .  Subsaquent 
laboratory  and  field  bivastlgations  were  perforsMd  lo  detennlna 
physical  properties  of  the  malarial.  Laboraiory  work  was  sat 
out  to  exclude  as  saany  unknown  varlablss  as  possible.  Riyai- 
cal  properties  of  a  froaan  aggiagata  may  vary  baoauae  of: 
(1)  Temperature.  (2)  moisture  or  lea  content,  and  {9  mechanical 


GRAIN  SIZE,  mm 

rig.  6.  Relationship  Is  shown  on  logarithmic  scale; 
all  tests  at-S*  aO.I 
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TEMPERATURE  (OEG  C) 

rig.  7.    Relationship  of  various  sieve 
sizes  (U.S.  Standard);  dats  ^o-nltted 
between  0  and  •  1*0  in  negative  de- 
grees 
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Fig.  6.  Relationship  between  ultimata 
strwigib  and  apeelman  weight 

composition  of  "ho  soil.  A  few  expttrlments  at  the  beginning 
of  the  laboratory  program  showed  that  all  tests  on  materials 
should  be  made  at  saturation.  Moisture  content  thus  becasM 
a  function  of  porosity.  All  subsequent  experiments  were  per- 
formed with  saturated  specimens  only.  Ltboratory  work  was 
United,  therefore,  to  Investigation  of  the  relation  of  direct 
flamifal  str<nigth  to  grain  size  and  temperature.  A  nominal 
size  was  that  of  unconsolidated  soils  material  mass  (sand, 
silt,  etc.),  which  was  found  between  the  two  adjacent  U.S. 
Standard  Sieves  after  a  standard  time  of  sieving  (10  mln)  by 
means  of  a  mechanical  vibrator.  Test  temperatures  were  held 
ID  a  practsicn  closar  than  i0.1*C.  Mbituras  of  various  grain 
alsaa  ware  not  invastigaiad  In  Hm  laboratory.  Laboralorr 
rnsults  are  sunmi8rlx«d  in  Pl«s,    and  7.  FMd  iawastlgatlans 
ware  ooodudad  under  oondttidna  aa  cfaMO  as  possible  lo  Uiosb 
iindar  wblcb  construction  would  ba  parfbrmad. 

Spaeiawn  eylindars  of  loeal  sand,  graval.  and  eiuatod  rock 
were  tesied  wlib  slandaid  oonenta  tasting  atpiipawiit  (located 
In  room  areas  of  lbaa«perlawntalparai8lroattuaae9.  In  all 
oaaas  dw  naHtlal  eould  ba  ttaatad  exactly  Ilka  ooneraia, 
except  that  it  needs  no  curing  time  once  solidified;  the  mate- 
rial nuat  be  kept  below  the  fraaxtaig  teatparataM  (which  Is 
posslbto  duougliottt  the  Arctle):  and  It  can  be  rawamed  and 
rauaad.  Some  compressive  strength  data  appears  In  Fig.  0. 

the  aiost  dense  packing  principle  of  composition  asaurad 
adequate  strength.  Since  weight  Is  proportional  to  dry  density 
of  a  concrete-like  mixture,  heavier  specimens  (with  the  same 
mincra  log  leal  ooBiposltlon)  showad  higher  eooipraaatva 
strength . 

Highest  uttlanla  sfrangths  under  standard  condition*  of 
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loading,  temperature,  freezing  history,  and  moisture  content 
were  found  among  the  finest  materlAl*.  But  together  with 
Increased  ultimate  strength,  an  increase  of  craep-WM 
observed.  It  was  decided,  therefore ,  to  inveetlffBia  two  Min 
nqiilmMntt:  (1)  The  need  to  know  wby  ultlawte  snenglh 
tnenaMt  whll*  particle  alM  In  the  aggragat*  It  dacraaslng; 
and  (2)  tha  mead  la  find  meUiods  of  eountaractlng  anoasclvo 
enap.  The  first  probten  was  aolvad  In  tiia  labeeatory.  It  was 
found  that  die  loe  grown  In  large  poena  U  polyoryataUbw  widi 
a  nagnltuda  ot  «ptieaUy  taaolvabla  inpartnetions,  bvt  ibat  Ion 
tn  nnnew  poms  Is  aMnocrysialUno  wWi  a  Mgh  dagrae  of 
opueal  parfnetlons.  Pnaaooa  of  crystallegraphle  Impecfac- 
tlona  appears  to  dseraaso  tfw  ultlnaia  airangth  of  lea;  snail 
eryatala  appaar  to  grow  to  a  higbar  dagraa  of  pwfaetlon. 

IncMaaa  of  oaap  and  plasticity  Is  appanntly  dna  to  a 
gmaiar  anount  of  mftonoB  walar  In  Iba  poraa  aa  thnir  alsa 
dacmasoa  •  If  ooaraa^ralaad  material  has  a  low  atrangtb  but 
also  displays  laas  oaap  (wtalcb  was  aenially  obsarvad) ,  a 
natural  way  to  nalca  an  bnptevad  nalartal  is  to  mbt  eearaa  and 
fiaa  SMtsrial.  StUl  in  tha  labontory  siaga.  It  waa  nallsed 
that  addition  of  snail  anounts  of  fine  material  to  a  coarse 
malrix  or  vice  versa  only  complicates  the  process:  CoArse 
particles,  completely  surrounded  by  a  fine  matrix,  acted  as 
Stivss-concenirattng  agents.  Fine  aMiarial  filling  In  pores  of 
coarse  aggregate  only  slightly  improves  Its  lllia<!baalcal  prop- 
erties. It  was  realized  at  that  stage  that  the  problem  con- 
sisted In  the  need  to  keep  the  coarse  material  in  contact  and. 
at  ttia  iome  time,  to  eliminate  large  pores  so  that  Iba  loa 
earaent  will  consist  only  of  small  crystals. 

One  way  to  achieve  this  is  to  mix  various  sizes  of  mate- 
rials into  a  densly-packed  aggregate.  To  explain  further:  If 
a  uniformly  coarse  material  does  have  a  porosity  of  40%  (as  Is 
usually  the  case)  and  a  relative  bulk  density  of  0.6,  one  unit 
volunii!  msy  be  mixed  with  0.4  unit  volume  of  a  finer  material 
provided  ih<!  particles  of  the  second  ingredient  arc  small 
enough  to  Ix-  jccomriDdatcd  in  the  pores.   The  resulting  den- 
sity of  the  mLxture  will  be  TViore  than  O.B,  and  porosity  will 
fall  tG  leis  lhan  20*  .   TIilII  .T^LxluriL-  .-nixed  -.vitn  <i:i  even  flnef 
material  jetiilcis  a  iutUu^r  Inas  ul  i-nrDii.ly.    I'igs.  b  and  9 
summarize  the  relation  ol  dcniUty  to  :>trength  and  the  process 
of  composition  of  a  dense  rr.ixtuxe.   It  is  emphasized  that: 

(1)  A  dense  mlxtuti:  ttUnjinates  large  pores  filled  wltji  ii  h: 

(2)  It  also  filimitiotcs  pockots  of  Ice  and  (inft  frozen  ritri.Ti.jl . 
thu-i  <j Umm Jt ir>g  excessive  crcci-i  chjrjctcr'.sf.cs  for  the  rwo 
materials;  (31  •Jieoretlcally ,  the  add.tion  if  even  finei  Ingre- 
dients tn-  n  den.se  nLixtun?  will  btlr-.g  il  to  ^  [.■lun*.  wiien;  :lii,' 
moisture  is  disseminated  in  such  line  pores  th.it  i;  will  not 
freeze  at  practicable  temperatures;  and  (4)  although  increase 
of  strerKQ'.h  vtfM  observed  to  a  fourth  and  fifth  ingredient,  the 
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Fig.  9.  Schematic  graph  shows  the  determination  of  a  dense 
mixture  with  low  creep  properties:  "A"  Coarse  uniform  material 
oi  arbmeiy  size:  "B"  Material  fitting  into  pores  of  "A";  "C" 
Matartal  fltttng  into  paras  of  "V" 


Unit  bad  not  boon  reached.  The  number  of  components  con- 
stiiuting  a  danaa  aliclttn  is  predaisimlaad  by  tba  slna  oi  tha 
moat  coarsa  Ingradlant;  If  Ilia  part  to  ba  oaat  la  large  onough, 
ooarso  material  can  be  used  to  start.  It  was  ooncludad  that 
for  eoBVfasslen,  a  ntle  of  1  to  100  of  tbo  matartal  sine  to  tha 
cross  saetlen  is  optimal.  Per  diaar  and  flexure ,  a  ratio  of 
1  to  SOO  wottld  ba  batter.  The  computations  and  results  of 
experiments  an  given  In  detail  by  Swlnsow  [7j. 

In  ooncluaion,  perawcmte  may  ba  usad  In  a  gmat  vsrlaty 
of  aadaawira  In  cold  environments  (such  as  shown  in  Fig.  S) . 
ArtWolally  boaen  ground  hes  been  used  to  a  vary  large  axtant 
tat  ibe  psat.  latga-soale  oonatruetlon  has  been  aoeooipllshad 
ttstois  refrigeration,  natural  air  cooltaig,  or  bodi.  Ibo  feasi- 
bility and  sueoess  of  audi  oonstraetion  Is  beyond  doubt  %  9}. 

nilura  raaaareh  should  concanlrata  on  luriiwr  InvestlgBUQna 
of  Ibe  ftiysleal  mopartlea    patmacnte  and  on  formulating 
tadnlosl  cslleriB  for  wpUontlon  of  freaMng  madaods,  fceaer- 
vattOQ  in  Hw  traaon  stale,  and  Umltatlons  of  use. 

CONCUffSIOM 

T.innt.' ling  Trchn iquu 3 

Cold,  bouldery  permafrost  of  the  type  described  is  character- 
istic of  good  roof  conditions.  Greater  ice  content  would 
undoubt«dly  result  in  greater  roof  stability,  taut  dia  powder 
ratio  would  be  less  favorable.  The  modified  hardtock  tunnel-, 
ing  technique  described  Is  the  most  advantageous  mediod  In 
die  anvinnmeat.  Any  otimir  SMthod  would  ba  lass  suooassfiil. 
TIM  bast  drllUno  patlam  for  advancing  in  petmaitost  ot  the  type 
described  was  found  to  ba  e  pattern  where  taigta*v«loetty  explo- 
sives an  used  In  the  bum  (centrally  located  boles,  labeled 
■1*  bi  Fig.  a.  Iba  depth  of  drllltaig  on  a  huinal  taea  should 
not  exceed  iwo-tblfda  of  Its  width.  The  use  of  amdlum  power 
and  voloelty  oxploalves  is  advantageous  ainco  the  Mast 
energy  tsods  to  disintegrate  the  matrbt  rather  dian  to  shatter 
the  boulders.  The  sane  should  hold  for  working  of  conglom- 
erates or  oongtanaretlc  ores  with  e  canpantlve  snength  xsla- 
tlcn.  Rest  results  with  ataflualng  are  obtained  If  It  la  allowad 
to  beeae,  seeling  the  hole  oonplataly.  Advantages  of  low 
subsurface  taaipenturas  far  outwelgb  dlaadventagea. 

Permacreie 

The  use  of  this  material  in  permafrost  tunneling  and  mining  has 
advantages  over  concrete  and  timbering.  The  material  can  l^o 
used  for  roof  stabilization  and  direct  subsurface  construction. 
Inftxponslve ,  safe,  and  strong  fuel  storage  containers  can  be 
ronstjucted  in  almost  any  permafrost  environment  (lK>t  only  in 
tunnels) .  The  beat  strength  is  obtained  with  danaa  parmacrete 
mlNod  under  ibe  outlined  conditions  CwaU-greded*  mixtures 
ortxjp  too  much) . 

Mining  Eng Ineers'  Classification  of  Permafrost 

The  clas 5 Iflciitlo:.  suggested  .n  Table  II  Is  Intended  to  r.eip 
the  mining  er.g  l.-.i-cr  '.vluj  eni^ojntera  the  problem  of  evaluating 
a  mining  or  tunm-lmg  .irci .    In  this  cdse,  the  pjopyjsed  area 
should  be  cnrrpured  v.ith  j.rothor  drod  where  both  the  perma- 
frost properties  and  the  excavation  efforts  arc  known.  For 


Table  II 

N'. inmg  * 

ngin<!i'fj'  fl/iti-jtflcjtlon  of  permafrost,"' 

{Predi-ti 
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Tens. 

Ice  content     MecK,  como. 
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Coarse 

Uwr  powder  consunptlon 
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Dry" 
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sumption 

Saturated 

Coarse 

Stable  roof 

Saturated 

Fine 

Stable  roof 

Dry 

Coerae 

Dangerous  roof 

1 

Dry 
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Unstable  roof 

Saturated 

Coarse 

Need  refrigeration 

Saturatrd 

rine 

Need  refrigeration 

^Comparing  with  more  than  one  area  tncraases  accuracy 
Tuto  perma  frost 
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precise  comparison  ot  rwo  environments,  data  in  Table  II  can 
be  expanded  to  any  destrod  extent.  For  example,  permafrost 
may  be  not  only  cold  or  warm,  but  tt  may  be  precisely  9°r  as 
In  Tuto,  31°F  as  in  Fairbanks,  or  20"?  in  another  location. 
The  latter  figure  would  be  "cold"  If  compared  with  Fairbanks, 
but  "warm"  if  compared  with  Tuto. 

The  other  two  properties  may  be  treated  analogously.  In 
this  classification  a  cold,  saturated,  fine-grained  permafrost 
poses  least  roof  stability  problems,  but  is  tougher  to  excavate. 
A  warm,  dry,  coarse  permafrost  poses  grave  difficulties  in 
roof  stability.  A  fair  prediction  of  mining  difficulties  to  be 
encountered  can  be  obtained  by  evaluating  a  prospective 
excavation  site  along  the  lines  suggested. 
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ICINGS  ON  THE  ALASKA  HIGHWAY 


S.  THOMSON,  University  of  Alberta.  Ednvonion 

A  problem  unique  to  winter  road  maintenance  In  northern  lati- 
tudes occurs  when  successive  layers  of  ice  encroach  on  the 
roadway.    Such  ice  encroachments  create  a  serious  driving 
hazard  (Fig.  1).   Ice  layers  are  formed  by  cumulative  freezing 
of  water  that  originates  as  ground  seepage  or  from  a  spring, 
stream,  or  river.   These  encroachments  are  called  "icings"  by 
Muller  lII.    Ho  defines  an  icing  as  "a  mass  ol  surface  ice 
formed  during  the  winter  by  successive  freezing  of  sheets  of 
water  that  may  seep  from  the  ground,  from  a  river  or  from  a 
spring."  Locally,  on  the  Northwest  Highway  System  (NWHS, 
Canadian  portion  of  the  Alaska  Highway),  icings  are  often 
called  "glaciers,"  but  this  term  should  be  discouraged  for 
obvious  reasons. 

This  paper  is  based  on  the  author's  experience  as  the  Soils 
Engineer,  Northwest  Highway  Maintenance  Establishment, 
Canadian  Army.   The  icings  described  here  are  those  that 
posod  a  maintenance  problem  from  about  Mile  200  to  the 
Alaskan- Yukon  border  on  the  Canadian  link  of  the  Alaska 
Highway,  a  distance  of  some  1000  miles. 

GENERAL  DESCRIPTION 

Ice  thickness  is  built  up  by  freezing  of  thin  films  of  water. 
As  one  layer  of  water  freezes,  another  flows  over  it  and,  in 
turn,  freezes.   A  succession  of  such  layers  advances  the 
icing  front  and  Increases  its  thickness.   Air  temperature  and 
ground  slope  Initially,  and  later  ice  surface  slope,  as  well  as 
local  topography  appear  to  control  the  icing  rate  and  manner 
of  growth  for  a  given  water  supply. 

Icings  tend  to  spread  laterally;  but  In  stream  valleys  or 
gullies,  lateral  growth  Is  restricted  and  growth  Is  predomi- 
nantly vertical.  Thickening  continues  until  ice  spills  over 
stream  banks  or  artificial  dikes  erected  to  control  or  direct 
Ice  build-up.  Where  water  feeding  the  icing  Issues  from  a 
•tMP  bank,  an  ice  slab  forms  on  the  face.  As  winter 
progresses,  horizontal  thickening  occurs  fastest  ai  the  foot 
of  the  slope. 

The  gently  undulating  surface  of  an  Iclrtg  is  occasionally 
Interrupted  by  humps  or  mounds.   The  mounds  are  generally 
elliptical  in  shape;  one  observed  was  in  the  order  of  30  ft 
long  by  IS  ft  wide  by  5  ft  high.   Most  Icing  mounds  observed 
on  NWHS  are  smaller,  but  they  may  be  many  times  the  size 
noted  [ 1 ] . 

These  mounds  are  believed  to  be  formed  by  hydrostatic 
pressure  in  water  which  accumulates  under  the  ice  and  forces 
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Fig.  1.   Etvcroachment  of  ice  on  the  load 


the  surface  upward.   Most  mounds  have  a  tension  crack  along 
the  top  and  much  water  often  flows  from  the  crack  until  water 
pressure  Is  dissipated.   On  rare  occasions  the  ice  is  strong 
enough  to  resist  cracking  until  sufficient  pressure  is  built  up 
In  the  water  to  cause  a  sudden,  violent  rupture.    In  one 
instance,  cakes  of  ice  roughly  5  ft  by  1  0  ft  by  1 0  in.  thick 
were  carried  for  distances  of  several  tens  of  feet  by  the 
sudden  release  of  water.   At  one  icing  site,  three  such 
blocks  were  found  close  to  one  another  on  the  road  surface. 
Fortunately,  the  first  vehicle  to  encounter  them  was  a  high- 
way maintenance  truck,  and  they  were  removed  before  causing 
an  accident. 

Icings  appear  to  become  more  active  with  colder  weather. 
Water  has  been  observed  on  the  Ice  surface  at  air  tempera- 
tures well  below  freezing.  An  amazingly  small  volume  of 
water  fiom  seepage  can  create  a  largo  icing:  for  example,  a 
simple  calculation  shows  that  a  flow  of  seven  gal/mln  will 
cover  about  an  acre  to  a  depth  of  one  ft  in  a  month. 

Streams  and  large  rivers  can  also  provide  water  for  produc- 
ing large  masses  of  ice  that  may  build  up  vertically  or 


Tig  ■  2 .    Summer  picture  of  a  small  stream 


rig.  3.   Ic«  formed  on  the  stream  shown  In  Fig.  2 


spread  out  laterally  over  a  large  area.  In  one  instance  a 
small  stream  in  a  deep,  narrow  gulley  built  up  ice  to  a  thlck- 
fMSS  of  eight  ft  in  six  days  (rigs.  2  and  3) .   The  Ice  lifted 
the  timber  deck  of  a  small  bridge  several  inches  off  the  road 
bearers.    Recently,  a  large  river  innundated  part  of  a  town 
with  two  to  three  ft  of  ice,  forcing  several  families  to  vacate 
their  homes. 

The  area  affected  by  an  icing  varies  with  local  topography 
and  may  be  long  and  narrow,  ranging  in  length  from  a  few  feet 
to  a  mile  or  so.   Ice  spreads  over  flat  topography  to  cover 
areas  of  one  or  two  square  miles,  particularly  if  the  Ice  from 
several  seepage  areas  coalesce.    Some  Icings  may  be  dis- 
crete and  cover  a  relatively  small  area,  a  few  tens  of  feet 
square.   Thus,  the  road  area  affected  may  range  from  a  few 
feet  to  a  mile  or  so. 

MAINTENANCE  PROBLEMS 

Maintenance  problems  arising  from  icings  fall  into  two  broad 
categories:  (a)  The  hazard  to  driving  and  iti  damage  to  the 
rood.   Ice  encroaches  on  the  road  and  In  some  cases  renders 
the  road  impassable.    The  ice  surface  Is  slippery,  especially 
If  a  film  of  water  exists:  it  is  hummocky  arvd  rough  to  drive 
over;  and  usually  has  a  slope  transverse  to  the  road.  If 
sufficient  water  is  present,  it  splashes  the  urvderside  of  the 
vehicle  whore  it  immediately  freezes,  often  with  the  result 
that  the  brakes  freeze  and  cannot  be  applied.   The  problem 
becomes  one  of  preventing  ice  from  encroaching  on  the  road 
or  of  removing  it. 

Road  damage  may  take  two  forms:   (a)  Distortion  of  small 
bridges  and  culverts  by  the  ice,  and  (b)  damage  caused  in  the 
spring  when  mcltlr>g  ice  water  soaks  into  the  road's  sub- 
structure.  Water  softens  the  surface  and  creates  mud  patches 
on  gravel  roads.    Ice  may  clog  culverts  almost  completely 
and,  since  ice  in  the  culvert  is  protected  from  the  sun,  it 
lasts  longer.   Melt  water  from  ice  and  snow  that  cannot  drain 
collects  In  ditches  thus  causing  further  trouble.   If  Icing 
forms  on  slopes  comprised  of  silts,  spring  melt  water  greatly 
aids  In  soltfluction  with  consequent  filling  of  ditches. 

TYPES  or  ICINGS 

Three  classifications  of  Icings  are  used  In  this  report  based 
on  the  origin  of  their  water  supply:  (a)  Icings  resulting  from 
water  of  rivers  and  streams,  (b)  icings  resulting  from  seepage 
forced  to  the  surface  by  underlying  impermeable  strata  which 
may  be  permafrost,  and  (c)  Icings  resulting  from  perennial 
seepage  that  Issues  from  the  ground  or  a  side  hill. 

Except  for  the  first  classification,  a  visit  to  the  site 
during  summer  may  be  necessary  to  classify  the  situation. 


The  category  including  streams  and  rivers  is  easily 
identified.   These  icings  usually  affect  only  a  short  stretch 
of  load  near  the  stream.    In  late  fall,  an  Ice  layer  forms  on 
top  of  the  stream,  but  below  this  ice  cover  the  stream  con- 
tinues flowing.   Subsequent  snow  cover  may  provide  suffi- 
cient insulation  to  prevent  ice  cover  thickening.  Insulation 
may  also  be  provided  by  an  adlacent  bush  In  the  case  of 
small  streams.    Icing  forms  when  the  stream  freezes  to  the 
bottom  and  free  water  is  forced  to  the  surface  as  a  result  of 
insufficient  insulating  oover.    Even  small  streams  provide 
enough  water  to  build  up  very  large  masses  of  ice.  Complete 
freezing  of  the  stream  may  occur  at  sudden  changes  of  channel 
cross- section  from  narrow  to  wide  or  abrupt  flatteiung  of  the 
stream  gradient,    ror  example,  such  a  change  in  slope  occurs 
when  a  small  stream  runs  down  a  steep  slope  and  then  spills 
Out  over  an  alluvial  fan. 

Careless  or  unknowing  tramping  down  of  the  Insulating  cover 
on  the  ice  of  a  stream  often  results  in  freezing  to  the  bottom 
thus  forcing  water  to  the  surface.   This  occurred  at  a  site 
about  200  ft  upstream  from  the  road  after  someone  snowshoed 
across  a  small  stream.   Within  a  week  ico  had  formed  some 
6  ft  thick  down  to  the  road  and  began  to  encroach  on  it.  A 
maintenance  problem  had  been  created  (or  the  remainder  of  the 
winter.    The  insulating  cover  is  also  often  lost  when  a  stream 
issues  from  the  bush  and  flows  across  the  cleared  road  verges. 

The  second  category,  that  of  seepage  forced  to  the  surface, 
is  illustrated  by  Fig.  4.   The  zone  In  which  seepages  occur  1* 
relatively  shallow  and  is  underlain  by  an  impermeable  strata 
which  is  often  permafrost.   The  mechanism  causing  icing  is 
similar  to  that  for  streams,  i.e.  ,  downward  freezing  of  the 
ground  until  contact  is  made  with  the  impermeable  layer,  A 
dam  is  thus  formed  and  hydrostatic  pressure  in  the  seeping 
water  forces  it  to  the  surface  to  create  the  icing.   It  is 
common  for  seepage  of  this  nature  to  occur  over  some  distance 
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Fig.  4.   Formation  of  an  Icing  due  to  seepage 
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Fig.  S.   An  icing  (ormed  by  a  perennial  spring 


parallel  to  the  road  and,  once  started.  Individual  Icings 

quickly  coalesce  and  may  affect  a  considerable  length  of 
road.    Uphill  to  the  road  the  rvatural  snow  cover,  vegetation, 
deadfalls,  etc.  ,  form  an  excellent  insulating  cover  prevent- 
ing frost  penetrotlon  and  ensuring  an  unfrozen  zone  through 
which  water  may  soep.   However,  the  cleared  roadway  pro- 
vides a  belt  in  which  deep  frost  penetration  occurs,'  hence 
the  dam  often  forms  under  the  itiad  and  icing  forms  immediately 
uphill  to  the  road  shoulder.    Ditches  are  quickly  filled  and 
ice  spills  over  the  road. 

The  third  type  of  Icing  develops  from  a  perennially- flowing 
seepage  or  spring  (Fig.  S).   The  mechanism  consists  of  water 
freezing  as  it  Issues  from  the  ground.    Hydrostatic  pressure 
prevents  the  water  source  from  being  sealed  off  by  freezing. 
The  extent  of  icing  so  formed  depends  on  the  amount  and 
source  of  water.   In  ti  spring  the  icing  is  likely  to  be  dis- 
crete; but  where  seepage  is  involved,  a  considerable  length 
parallel  to  the  road  is  usually  affected. 

ICING  CONTROL  AND  CORRECTION 

The  primary  goal  of  control  and  correction  is  to  keep  the  road 
surface  free  of  ice.   Measures  taken  to  control  or  eliminate 
Icing  may  be  either  passive  or  active.   Passive  measures  are 
those  adopted  to  reduce  the  hazard  to  driving,  hence  are 
confined  to  winter.   They  do  not  yield  lasting  results  and 
usually  begin  when  Ice  threatens  to  spill  onto  the  road. 
Active  measures  are  those  that  eliminate,  significantly 
reduce,  or  prevent  icing  encroachment  on  the  road  surface. 
Often  corrective  work  on  a  site  is  done  in  summer. 

Passive  Measures 

Passive  measures  are  costly  In  maintenance  effort  and  use 
equipment  and  manhours  that  should  b«  expended  on  other 
tasks.    Passive  measures  Include: 

Steaming— This  consists  of  using  a  mobile  steamer  at  the  site 
to  steam  narrow  slits  in  the  ice  and  through  the  culvert  to 
drain  off  water.   These  slits  are  usually  effective  for  only  one 
or  two  days  but  may  last  longer.   In  some  cases  a  pipe,  1/2 
or  3/ 4  in.  in  dia.  ,  is  placed  in  the  culvert  and  the  upstream 
end  turned  up  above  possible  ice  level.   The  steam  hose  is 
coupled  to  this  and  the  culven  is  partially  thawed  out.  This 
requires  a  visit  to  the  site  every  day  or  so.    Besides  being 
costly,  25   or  35'  below  zero  wcothor  makes  the  )ob  most 
unpleasant.   The  effort  demanded  can  easily  be  visualized 
when  several  such  icings  occur  in  a  road  section. 

Hessian  cloth  dams— A  fence  of  Hessian  or  sack  cloth  Is  often 
used  as  a  barrier  to  icing  (Fig.  6) .   It  is  startling  to  see  a 
length  of  sack  cloth  stretched  perhaps  10  to  IS  ft  between 


Fig.  6.  An  overtopped  Hessian  cloth  fence 


slender  poles  lammed  into  the  snow  with  several  feet  of  ice 
built  up  behind  It.   One  theory  advanced  to  explain  this 
phenomenon  is  that  when  water  flows  across  the  top  of  the 
ice  and  encounters  the  cloth,  it  saturates  it  to  some  small 
height  by  capillary  action.    This  then  freezes  and  the  water 
backed  up  freezes,  hence  the  icmg  grxws  vertically  but  not 
horizontally.   Hessian  barriers  are  not  always  effecUve  but 
are  often  helpful,  particularly  where  the  water  source  is  in  a 
fairly  constant  location.   Nailing  Hessian  cloth  over  the 
culvert  inlet  and  outlet  often  prevents  ice  from  forming  in 
the  culvert. 

Blasting  — This  technique  Involves  dynamiting  the  Icing  as  it 
builds  up.  then  clearing  the  ice  fragments  from  the  road  by 
graders  or  bulldozers.    Blasting  is  repeated  as  necessary  and 
can  be  expensive.   Another  use  of  high  explosives  is  illus- 
trated by  the  following  case:   Ice  had  formed  to  a  depth  of 
about  10  ft  for  a  distance  of  300  ft  upstream  from  a  culvert 
10  ft  in  dia.   Both  ends  of  the  culvert  had  been  covered  with 
Hessian  cloth,  hence  it  was  Ice  free.  A  line  of  holes  was 
steamed  through  the  ice  to  the  ground,  and  a  smoU  explosive 
charge  placed  in  each.    The  explosion  shattered  only  the  ice 
near  the  ground  surface  and  opened  seepage  channels  for  the 
water.   No  further  growth  of  Ice  was  observed  during  the  rest 
of  the  winter. 

Grading— This  requires  constant  use  of  a  grader,  often  with 
the  scarifier  attachment,  and  repeated  trips  to  the  site  to 
scrape  ice  off  the  road  (Fig.  7). 


Fig.  7.   Removal  of  tee  from  the  road 
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Fire  ^ts-A  45  gal  dram  Innriitdi  •  flm  !•  kapt  bwnluB  noflt 
of  tfaa  winter  is  plaead  at  the  BOtitft  of  a  eulvait.  Biis  uaually 
kaepi  th*  culvert  open  and  ptavant*  loa  ften  anaoaehlng  on 
the  road.  Obviously  Um  fira  pott  cut  only  ta  «asetivo  for 
VMy  saall  smui  Om  pet  nn  only  oontial  •  snwll  lolne  or  • 
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condltloiit.  In  althor  oat*  tho  alto  anitt  bo  vlaltad  ftaquantly. 

Acavo  Maasuraa 

Active  measures  should  ba  attoouraged.  It  is  only  by  such 
steps  that  icing  can  ba  alUtUistad  as  a  highway  problem. 
Maintenance  ibraot  ean  Aon  concentrate  on  such  tasks  as 
anew  elaannea,  sanding,  and  equipnc^nc  overhaul  for  the 
ensuing  eonstrvction  seaaon.  I(  the  mechanics  of  icing  (of 
aaation  €ffa  considered ,  obvious  steps  toward  oUnlnatlon  or 
control  suggest  themselves.  To  determine  a  course  of  action 
for  each  icing,  the  tito  sSwuM  be  sketched  or  photographed 
during  the  winter  with  floota  raoognltable  features  included. 
During  a  site  examination  the  following  summer,  with  the  aid 
of  tte  sketch  or  photo,  tho  lelng  can  be  visualised.  The  cause 
than  unially  btooaiot  apparant  and  a  plan  for  canaetlen  can  ba 
Canaulatad.  fiteapc  for  boaitnB  baits  (which  are  oonsUucied 
during  oarlywlmM).  aetlva  naaauraa  ara  takon  dvliiB  «ba 


DraliMfla~lclMt  an  baateaUy  a  drslaago  pieblatt,  faMwa 
possibly  tte  batt  pnoadura  la  le  drain  tbo  mttr  oaiialng 
idag  fbraatloin.  Ocalnava  may  ba  affactsd  by  noftoa  trnicbaa 
or  tUbsvrfaoa  draliM.  both  oonatnietad  duriiis  tba  mnmar. 
Drainage  it  parttculatly  atfactlva  for  mutkag  amaa*  alnoe 
muakagt  pnvlda  a  ataady.  yaai^iouod  waiar  supply.  Saapaga. 
if  not  tee  daap.  can  ba  Intarcaptad  and  led  away  lirom  tha 
site.  Good  drainaga  eannot  ba  cvarttiotaod* 

Freezing  Pelts— It  an  aroa  upslopa  fiom  tiia  load  la  claaiod  of 
Itt  intulaUng  oovor,  then  boat  panatraUon  wUl  lncrsase« 
eauaa  daamlng  of  tha  seeping  water,  and  fotea  lolng  to  occur 
whoft  It  will  not  aneioaeh  on  tho  lOad.  Snow  must  ba  kept  off 
Hiaao  elaand  amaa  mtU  about  January  to  enaum  maximum 
boat  panamtMn*  Do  ba  successful  there  muat  hm  an  Imper- 
meable layer  that  ean  ba  Intercepted  by  downward  IraeslaB. 
If  this  Impermeable  layer  is  permafrost,  care  must  be  taken 
not  to  let  It  thaw  beneath  the  cleared  area  during  avmats 
honea  tha  insulating  blanket  must  be  replaced  in  the  ^claa> 
Freezing  belts  have  not  been  vary  effective  In  the  author's 
experience,  although  very  few  have  been  tned.  The  moun- 
tainous terrain  on  the  Alaska  Highway  does  not  lend  Itself  to 
traeslng  belts. 

Ponding  areas— For  some  Icings  there  appears  to  be  a  maximum 
growth  In  a  given  season.    For  these,  a  pondir\g  area  which 
will  contain  the  icir/g  for  the  winter  cjii  Is;  cre.ited  by  exca- 
vation or  diking  or  lx>th.  On  occasion  the  topography  is  such 


that  a  dike  parallel  to  the  load  will  divert  tte  direction  of 
hodaontal  growth  of  the  Idng  so  as  to  prevent  its  encroach- 
awnt  on  tiie  lead.  If  Ictng  doet  not  overflaw  tte  dike  or 
ponding  area.  It  Is  Jutt  ignored.  Oeoaalonal  repair  of  tte 
dikes  Is  roQuirsd  in  summer* 

Gr^Ge  rdises- Raising  tte  loeid  grade  is  akin  to  diking  in  ttet 
It  foioea  the  icing  to  grow  In  sine  befora  encroaching  on  tte 
load.  The  depth  to  which  ftest  penetrates  the  original  ground 
ia  also  dacraeaed  and  damming  off  of  aeeplng  water  may  not 

occur. 

Road  location— U  potential  Icing  steas  can  be  recognized 
during  the  preliminary  survey,  the  problem  can  be  avoided  by 
road  location.  Untortunately,  with  the  present  state  of 
knowledge,  prediction  of  icing  formation  i«  largely  specula- 
tive or  intuitive  and  can  hardly  be  a  weighty  factor  in  location 

Culverts— Installation  of  oversize  culverts  on  steep  gradlettts 
and  as  deep  ;n  the  ground  as  possible  will  help  In  Icing  cort* 
troi.  Hessian  cloth  hung  over  both  ends  of  the  culvert  often 
prevents  lee  ftma  leaning  In  Mm  culveita. 

Channel  correction— Whun^  possible,  the  elimination  of 
stre.^Ti  channel  characteristics  associated  with  icings  Is  of 
v.i  1  uo .  Narrow  .deep  dwnnala  w*  ptafanedf  braided  ebannelt 
are  to  be  avoided. 

Sacb  particular  lolng  la,  In  eeaence.  an  IndMdiMl  piebleab 
Ibua*  tte  coneetlve  aetlon  adopted  ateuld  follow  alte  study. 
When  a  mora  edtantlve  lead  notwoik  it  built  in  nocthetn  latl* 
tudaa,  the  ptenomena  of  Mnga  will  become  mote  well  knom. 

Ite  Canadian  pocuen  ei  tte  idaaka  Highway  la  opacatad 
and  malatalnad  by  tte  Canadian  Army.  Tte  Oonusandar. 
NWHS,  aulhnrteed  use  of  tte  aublect  matter  end  4ie  Chief 
Bagiaeer,  itoyal  Canadian  Bnglneera,  granted  peimlaaton  fbr 
publication. 
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USE  OF  INTERNAL  BURNERS  FOR  WORKING  PERMAFROST  AND  ICE 


JAMES  A.  BROWNING  and  JAMES  F.  ORDWAY.  Thormal  Dyoamlcs  CorporaUon,  Ubanon,  N.  H. 


R«laUvely  simple  technique*  are  *ought  (or  drilling  pormatrost 
and  ICO  urtder  tho  sovoro  conditions  in  northern  areas-  Inter- 
nal burners  arc  in  common  use  for  drilling  and  working  solid 
mineral  masses  such  as  granite  and  taconlte.    Use  of  these 
burners  for  workirvg  free  and  frozen  soils  and  Ice  also  appears 
realistic.    Since  19SS,  experiments  have  shown  that  frozen 
minerals  can  be  worked  by  hot  flami?  Jets. 

Reference  lI3,  issued  in  September  1962,  conclusively 
demonstrates  that  Internal  burners  can  be  used  for  working 
permafrost  at  slgruficant  drillirvg  rates.    Based  on  this  Infor- 
mation, an  experimental  program  commenced  on  November  15, 
1962.   The  main  goals  of  the  program  were  to  gain  a  better 
understanding  of  principles  governing  the  "cutting"  action  of 
let  (lames  and  to  evaluate  burner  designs  already  available- 
It  was  felt  that  once  the  process  variables  were  better  under- 
stood, designs  could  be  optimized. 

TEST  APPARATUS  AND  PROCEDURES 

Several  techniques  were  considered  (or  holding  and  advancing 
the  burner  for  drilling.   The  simple  operation  of  the  system 
shown  in  Figs.  1  and  2  appeared  to  offer  a  big  advantage.  The 
motion  of  the  burner  is  controlled  manually  by  tho  operator. 
As  drilling  procouds  the  operator  poys  out  the  support  line  so 
as  to  lower  tho  burtwr  into  tho  hole  at  the  desired  rate- 
Compressed  air  and  fuel  oil  are  fed  into  the  burner's  com- 
bustion chamber  at  a  low  rate  and  then  ignited  by  an  auxiliary 
flame  or  other  means.   Once  combustion  starts  the  ignition 
source  is  removed,  and  the  flow  of  reactants  is  increased  to 
about  a  quarter  of  full  output.   The  burner  should  be  run  at 
this  low  output  for  a  minute  or  two  in  order  for  the  burner  tub«( 
to  become  hot.    Then  the  reactants  can  be  adjusted  to  desired 
flow  rates. 

The  weight  of  the  burner  artd  its  support  lod  overcomes  the 
llame  Jet  upward  reactive  thrust.   The  burner  is  easily*  lowered 
by  gravity.    It  was  found  desirable  to  oscillate  the  burner 
about  Its  vertical  axis  while  it  is  being  lowered  Into  the  hole- 
A  "spudding"  operauon  was  used  to  determine  the  location  of 
the  bottom  of  the  hole  relative  to  the  advancing  burner.  Every 
ten  seconds  or  so,  the  burner  is  allowed  to  touch  the  bottom 
of  tho  hole  and  is  then  immediately  raised  about  2  in. 

When  the  burner  was  rtot  rotated  and  tapped  against  th« 
bottom  of  the  hole  (in  a  silt  soiU  ,  a  clinker  formed  on  the 
burner  face.    In  one  case  this  baked  mass  of  soil  particles 
wa*  nearly  3  in.  thick.   It  had  the  outside  diameter  of  the 


Fig.  I.   Apparatus  in  place  (KR#192)  showing  support  tnpod 
burner,  bottom  guide  with  removable  cover  plate  in  place, 
support  rope,  and  flow  control  valves  for  air  and  fuel 


burner,  but  a  hole  through  Its  center  provided  a  path  for  th« 
(lame  Jet.   This  clinker  is  objectionable  and  should  b« 
avoided. 

During  the  first  drilling  tests,  a  complicating  factor  arose 
during  the  (Irst  minute  or  so  re::juired  to  establish  equilibrium 
conditions  in  the  soli.   Prior  to  drilling,  the  soil  is  cold. 
Immediately  after  flame  impingement,  heat  Is  transferred  to 
the  soil  from  a  source  which,  (or  simplicity,  can  be  con- 
sidered a  point  on  the  centerline  of  the  burner.    Until  the 
heat  1*  conducted  radially  from  this  axis,  the  hole  remains 
quite  narrow.   Thus,  the  irutial  hole  (which  can  be  deeperted 
rapidly)  is  smaller  in  diameter  than  the  burner. 

Due  to  these  factors,  the  burner  Is  held  above  ground  for 
the  time  required  to  produce  equilibrium  conditions  (i.e., 
where  the  hole  is  larger  than  the  burner  and  will  be  o(  nearly 
constant  diameter  as  the  burner  advances).   Fig.  3  illustrates 
this  transient  phenomenon.   In  several  cases  equilibrium 
drilling  conditions  could  not  be  attained  before  an  appreciable 
amount  of  Irost  had  been  penetrated.   The  higher  the  flame  Jet 
velocity,  the  greater  the  depth  attained  before  the  burner  could 
be  placed  near  tho  hole  bottom. 

Actual  penetration  rate  can  be  defined  as  the  average  opti- 
mum drilling  speed.    Unfortunately,  this  Important  figure  could 
not  be  directly  obtained  due  to  the  transient  start-up  problem 
and  to  the  (act  that  steady- state  conditions  require  a  spudding 
o(  the  burner  in  its  downward  travel.   Moreover,  the  operator 
skill  required  introduces  the  human  factor  as  another  variable. 
For  example,  the  operator  must  determine  the  proper  moment  to 
lower  the  burner  into  the  hole. 

To  eliminate  all  variables  except  flame  Jet  characteristics, 
the  following  method  was  adopted  for  ntost  of  the  comparison 


Fig.  2.    Sketch  of  burner  apparatus  in  a  drlUirig  operation 
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Fig.  3.  niiMtntton  Of  heto  dlMwtar  IncfMM 
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Fig.  4.  Internal  oorotMutlon  faurnar 


present  maxlmutn  heat  release  rate  Is  in  the  range  of  2  to  10 
million  Btu/cu  ft/hour,  wfaaraaa  for  an  oil-fired  boiler  tha 
rate  is  in  the  range  Of  36  to  180  thouiand  Btu/cu  (t/hotir  CS]. 
For  the  gaa  turUns  oombuslort  maximum  hMt  nImm  it 
•Kaoctatad  with  alr-ftwl  tattm  graatar  than  30  to  1  by  walght. 
Hw  xoMnt  intamal  bumar  em  raliably  bunt  atmciiieHaMe 
taaetam  mixtures  baeraao  of  ferewhoir  eoellng  of  tho  tarn- 
buBtor  tuba.  'Thus,  tt  Is  not  suvpitslug  that  Ita  veliuuttle 
boat  loloBio  ranoo*  up  to  22  nllUon. 

Flow  j»anHa«tars  liwolwoil  In  atslilUslno  flano  taactloiu  an 
ao  cnmplax  a*  to  bo  boyend  iho  loala  of  analytical  HBtlar- 
atamUng.  Ml  onobiwlora,  «th«n  a  now  doatgn  of  tho  sMWU- 
satloB  ngloa  Is  liwolvod,  nust  bo  dosignod  on  mi  anpinoal 
basts.  Soailng  laws  ara  oftan  not  appUeaUo,  although  lha 
■hoiddar-stafaUlsar  appaars  neia  ananaMa  to  aeala-tip  than 
tha  usual  perforated  can  combustor. 

Materials  used  to  make  this  internal  burner  are  not  critical 
axcapt  (or  combustor  tuba  S  and  nossla  1 .  lhasa  ara  usually 
made  of  a  more  refractory  matal  such  as  a  310  stainless. 

TEST  RESULTS 


tests.    Vnr.  InjrriiT  w.-js  (Ixnd  In  :t:i  downwjrd  t>03itlOn  and  hold 
In  the  bottom  gjldc  with  Us  face  2  in.  .above  ground  level. 
Run  time  was  30  sec    Hole  depCi  -and  diameter  were  measured; 
the  volume  of  material  re.-noved  was  determined  by  flllirvg  the 
hole  with  a  known  amount  of  a  medium  grade  sand  ol  nearly 
•phsvlcal  paitlolo  shapo. 

THE  INTERNAL  BURNER 

Fifl.  4  shows  the  burner  assembly  used.    Compressed  air 
entering  through  supply  tube  3  is  dlatribuiod  by  rmnultir 
groove  Irs  nozzle  piece  !  .  thus  cooling  th<-  noi-zic.    ["ron  this 
groove  air  passes  .3t  high  velocity  through  the  annular  space 
between  combustor  tube  5  cind  outer  casing        The  air  is 
heated  to  approximately  5C0"r  and.  at  the  same  tine,  keeps 
those  parts  in  direct  contact  with  the  f!,»tno  below  their  fusing 
■.eniperrtture.i .    Thr  hn:  i  orr.prf-". st»d  • .:  i;.  l.-l  through  r.evi^ral 
radial  passages  Ur-  piece  7)  to  .i  well  into  which  fuel  oil  is 
sprayed  by  a  conventional  whirl-type  Industrial  spr-^y  nozzle 
ol  20  gal  .'  hoiir  ciracity.    Combuslon  In  the  chamber  creates 
a  let  li5rhiir:jr      h')t  gas  through  the  nozzle.    let  velocity 
depends  on  nozzle  diameter  and  reactant  flow  rates. 

Nozzle  diameter-1  of  1.25,  '..52,  and  1.7S  in.  were  used  in 
the  tests.   Each  diameter  was  chosen  so  that  tho  cross  section 
of  the  nozzle,  between  the  smallest  and  largest  sizes,  would 
Increase  by  the  same  amount.   The  various  nozzle  sizes 
selected  would  guarantee  a  wide  range  of  Jet  velocities. 

Piece  7  acts  as  a  shoulder  stabilizer  which  provides  flow 
recirculation  at  the  foot  of  the  combustion  region,  and 
recirculates  hot,  partially-combusted  reactants  Into  this  same 
critical  stabilization  region.   The  over-all  ability  of  a  burner 
to  consume  large  through-puts  of  reactants  depends  on  this 
small  space  whon  favorablo  flanm-holding  and  flana-lgnltMa 
pfopattlas  eodst. 

lha  ability  of  an  internal  burner  to  bum  large  quantities  of 
vaoctants  la  a  ssmU  voluaia  can  be  siaaaurad  in  tanss  of  volu- 
HMOde  boat  raioaao.  far  tfw  gat  twHna  oonbuator  lha 


T.tble  I  presents  data  on  hole  depth  and  hole  volume  taken 
.3 iter  the  30  sac  n»s.  Savoral  oaloulaiod  quantltlas  ara 

included. 

Combustion  temperatures  (T^J  were  calculated  by  succes- 
sive trials.  For  a  stoichiometric  mixture,  assumlrtg  the  fuel 
to  ba  closely  approximated  by  dodecane 

Ci^Rjf*  1S.9        S9.e  N,«=±12  00|«  13  H^O^  69.fi  (I) 

Ihis  aiolehloawMc  aquation  aasuaiaa  tinat  all  raaetanta  ara 
ohemloally  oOMUned  to  fotn  only  tha  end  pioductsi  Water 
vapor,  eaitaon  dteiclda.  and  nttcogon.  11iis<  of  ooma«  ta  not 
tha  traa  eaao,  hut  in  tfaa  abaonea  of  appUeaUo  dltaoolaUen  It 
aaivaa  our  puipoaos  adaqtiataly.  Iho  ceabustlon  tamparatura 
ealculatad  using  thaao  appraadvatiens  la  tiw  thaoratleal  flaaa 
tai^ratufo.  iwhloh  is  always  blghar  than  that  actually 
attained.  The  air- fuel  ratio  Is  easily  datennlnad  from  the 
slolehlomatile  aviation.  It  la  14.0  to  1  (w  dodoeano  and 
rapraaants  tho  oumbsr  of  peunds  of  air  par  pound  of  fuel. 
Koto  that  Id  this  raport  tho  ratio  is  statad  en  a  walght  ratiiar 
than  on  a  nolal  basis* 

lha     values  obtained  for  four  sir- fuel  ratloe  n*  plottad 
In  Fig.  S.  A  sU0ht  diop-off  of  Iho  flanta  tempentun  oocura 
fbr  rieh  mMtons  and  Is  so  Indioatad  br  tho  dasbod  portlen  of 
tho  ewvo  which  haa  aot  baao  ealculatad.  Pig.  S  has  boon 
dmctiy  uaad  for  filling  tha  conbualea  tanparaturo  cdum  la 
tbtalal. 

Hie  values  -ihawn  (in  ft/ sad  for  Jot  velocity  wee*  cal- 
culated by  the  familiar  nozzle  expansion  aquation 

V,  =  223.  7  ^CpT,  1^1-  ^p^j  Jj  ,a 

where  V.  is  Jet  velocity;  C   Is  average  spacUlc  heat  of  the 
products  obtained  from  the  Gas  Tables  Cl};  Tg  Is  combustion 
temperature  in  °R;  P3  Is  atmospheric  pressure— IS  pslai  F2  Is 
combustion  chamber  pressure;  and.  K  is  ratio  of  the  specific 
hosts  as  obtained  from  tha  Gas  Tables.  A  aossla  offtelaney 
cf  OOK  was  used. 
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Table  I.  Compilation  of  30  Mcond  run  data  (runt  road«  at  Ut«  CRR£L  location) 


Nozzle 

Fuel 

Chamber 

let 

Jet 

Hole 

Hole 

Hole 

Air 

Run 

did. 

(low 

Air  flow 

(sc(m) 

pressure 

Combustion 

temp. 

velocity 

depth 

dla. 

vol . 

(cu  In.  / 

Point 

No. 

(in.) 

(Ib/mln) 

(ib/mlrO 

(pslg) 

A/F 

temp.  (^F) 

rn 

(ft /sec) 

(in.) 

(in.) 

(cu  in.) 

100  ft3) 

a 

101 

1.250 

1.92 

26.5 

.15 'I 

n 

13. S 

.1370 

2530 

3650 

9.25 

5 

275 

156 

b 

102 

1.250 

1.59 

26.5 

354 

28 

16. fe 

i250 

2490 

3480 

8.5 

6 

275 

156 

0 

1  ocd 
\  ■  2aU 

1  Ifi 

1  ■  3o 

ZO  .  9 

*/ 

•J  ■>  1(1 

lion 

C 
3 

1 

111 

1 1  z 

d 

104 

U2S0 

1.10 

26.  S 

354 

26 

24.1 

2320 

1775 

2940 

8 

s 

198 

112 

• 

lOS 

1.250 

1 .  66 

21*5 

287 

20 

13.0 

3350 

2710 

3190 

7.5 

4.S 

166 

118 

I 

1  DC 

9RfiO 

9ftj  n 

A  *i 
O.  J 

A 

[  of? 

1  AC 

1  DO 

9 

107 

1.250 

0.90 

9.5 

127 

3 

10.5 

3270 

3130 

1520 

4.  5 

4 

92 

154 

h 

128 

1.520 

2.04 

25.7 

344 

16 

16.0 

3300 

27SCI 

296U 

4.75 

* 

222 

128 

i 

1 « 4b 

9t  ft 

lie 

1  Q  n 

ZDDU 

A 
% 

1  Q  ft 

114 

J 

lao 

1.S20 

0.78 

25.0 

334 

10.5 

23.8 

2400 

2090 

8120 

5.25 

5 

122 

74 

k 

132 

1.S20 

1.S9 

20.2 

270 

7.8 

12.7 

3300 

2980 

2260 

4.76 

6 

107 

80 

1 

133 

1.920 

I.IO 

13.S 

100 

2 

12.3 

3300 

3200 

1270 

3 

S 

61 

66 

IB 

153 

1.750 

2.04 

27.0 

301 

8 

13.2 

3300 

3000 

2300 

3.25 

6 

71 

40 

n 

1S4 

1.750 

1.36 

27.0 

361 

7 

19.8 

28SO 

2583 

2050 

3.75 

6 

122 

68 

o 

15S 

1.750 

l.SO 

19.6 

262 

4.25 

12.3 

3100 

8100 

1760 

4 

S 

61 

46 

» 

173 

0.87S 

1.50 

20.5 

274 

55 

13.6 

3300 

2225 

41S0 

9 

5 

137 

100 

4 

174 

0.a7S 

0.70 

23.1 

309 

50 

33 

1830 

1150 

2030 

8.25 

4 

92 

60 

<00»p 


Pig.  5.  Curve  of     a*  a  functiPn  of  alr^fuol  ratio 


Ti,  ttw  fat  tenparatura.  amy  faa  obtalnad  ualng  tiM 

ittlaflonship 

Tabia  1  Btaowa  that  Jet  temperatwa  Tanged  betwean  1154>*  to 
3200*F.  white  )at  vetoelty  Unite  wave  950  ft/aee  and  4150 
ft/aec. 

nro  typae  of  aoll  ware  investigated:  A  sandy  soil  and  a 
fine  allt.  (Later,  aiafa  detail  is  reported  on  this  aoll  and  its 
toaen  piopartlea.) 

DaUa  I  llata  data  obtained  during  the  30  aee  tuna  In  Una 
allt  aaaaonal  ftost.  The  oioat  Inportaat  parameters  appear  to 
be  alr~nBsa  flow  and  Jet  velocity.  Itor  example,  for  any  given 
noaale  sUa.  increased  air- mass  flow  results  in  deeper  pene- 
tratlon.  Conversely,  at  any  given  mass  flow  rate,  the  smaller 
the  nozzle  diameter,  tho  greater  the  depth.   Hits  Is  true  down 
to  the  1.2S  in.  nozzle.   The  U.875  in.  nozzle  could  not  drill 
an  opening  of  sufficient  diameter  to  permit  lowering  of  the 
burner  into  the  hole. 

The  1.75  and  1.52  In.  nOi-./li".  ite;  much  less  effi^ctlve 
(both  (or  penetration  removaD  thoti  the  sm.aller  sizes  which 
give  higher  jet  velocity  for  the  same  reactant  flows - 

A  uniqioe  phenomenon  was  observed:  While  drilling  holes 

532 


Pig.  6.  Itote  depth  fMr  ataodard  30  aac  ten  aa  a  functloa  of 
aii^naas  flew  Q  wltii  ooBataat  Jet  velocity  lines 

to  deptha  of  30  In.  end  aKira,  lateral  flew  of  flia  gaaaes 
eeeuned.  In  one  oaee.  a  piavloualy  dilltod  hote  oomlnuoualy 
ejeeted  steam  and  ether  vapora  during  a  aaparate  drtlllag 
opeiatloB  eooduetad  mace  than  6  ft  away.  Dila  Indteataa 
that  ttiera  were  eentlnuone  ftee  peasagea  In  the  aoll.  Such  an 
effect  wee  not  noted  In  aandy  aoU. 

No  oonelatloawaa  found  between  depth  of  out  or  raaMval 
lete  and  let  temperature.  VMoitunataly.  fbr  a  given  oon- 
buatlon  temperatura ,  Jet  tanpemtuie  depends  on  jet  velocity. 
The  gteater  the  velocity,  the  lower  T^.  It  la  thua  Infaned 
that  velocity  plays  a  more  dominant  part. 

Jttt  atlaaipt  has  been  made  to  correlate  bote  deptti  agalnat 
alr-maa  flow  by  plotting  lines  of  equal  Jet  velocity.  Thla  la 
ahewa  la  Pig.  6.  taebMoui  iniaMnce  is  that  Jet  velocity 
alena  la  not  governing,  but  tfiat  a  jet- scale  factor  is  impor- 
tant. For  example,  the  Vj  =  1520  ft/aec  on  the  1.25  in. 
noaale  line  penetrates  deeper  in  30  see  than  the  1780  ft/aec 
Jet  of  the  1.75  in.  nozzle.  Ihia  factor  la  inpoitant  and 
deserves  an  explanation. 

Penetration  rate  is  a  function  of  the  heat  transfer  rato  inio 
the  soil  and  of  the  scouring  ability  of  tho  flame  Jet.  Each  of 
these  licpt'iidr. .  in  part,  on  the  ij.53  vi'locity  cnniponcnt  paral- 
lel to  thy  tiurtacc  belrvg  worked.  To  simplify  the  problem, 
assume  the  Jet  to  be  stnkma  perpendicularly  against  a  pl.ir.e 
surlace.  Compare  the  action  of  a  relatively  small  diameter 


Jet  against  that  of  a  larger  one.    The  radial  velocity  gradient 
measured  at  the  stagnation  point  is  greater  for  the  smoller 
diameter  nozKlf.    Qim  lUaf  Ivoly  ,  this  results  Irom  the  fact 
that  the  stajr^rLcr;  prcssjrc;  it  tne  stagnation  points  nrc  the 
same,  but  that  the  laraer  the  area  of  impact,  the  greater  the 
distance  the  gases  must  travel  to  re  i;:li  Oi.'  lower  static  Jot 
pressure.    Since  the  pressure  gradient  dutcrmlnee  the  veloc- 
ity jt  any  point  removed  slightly  from  the  stagnation  point, 
the  smaller  jet  creates  higher  radial  velocities  within  this 
region  over  the  plane  surface.    A  somewhat  sjrr.Uar  r.Uuatior. 
has  b«en  analysed  in  an  •xperlmant  by  Wisntewskl  C3],  who 
studied  a  )at  lapMltiig  aigalittt  a  eeiMrax  hwnlspliailcal 

surface. 

It  Is  seen  that  the  larger  the  Jet  size,  the  lower  the  heat 
transfer  rate  and  scouring  action  at  the  Jet  centerllne.  A 
similar  affact  ratuJts  from  lowering  the  nass  (low  rate 
through  any  single  noxsle  diameter.  The  hole  bottom  has 
the  c:haracteristlcB  ahown  in  Fig.  7:  (a)  A  hole  made  by  • 
high  velocity  let  U  concave;  (k)  nedlum  veloolttes  have  e 
flattening  affect;  and  (d  low  veloettlee  praduea  bollona 
havlr^  a  convex  central  portion. 


rtg.  7.  Sola  ahapaaftar  30  aacran  as  ftnctlomof  Jet  valocttr 


At  the  conclusion  <5f  each  series  of  tests  of  30  sec  dura- 
tion, the  burner  was  used  to  drill  through  the  lull  depth  of  the 
seasonal  frost.    The  dflta  collected  appear  in  Table  11.  The 
data  reflect  optimum  cutting  conditions  at  penetration  rates 
obtained  under  the  difficult  transient  starting  conditions  dis- 
cussed earlier.  Thus,  Hm  cteadv-atata  lata  adglit  faa  ax^ctad 
to  be  somewhat  greater. 


Table  11.    Holes  drilled  to  lu!!  frost  depth  (run-,  m-id-   .r  O'H'a 
location) 


Noaato 

Hole 

OrliUne 

Awg. 

die. 

depth 

Avff.  hole 

tine 

panatiattMi 

(in.) 

(m.) 

dla.  (in.) 

(mln  see) 

1.2S 

33 

6 

2  30 

la 

1.S2 

30 

7 

3  47 

8 

1.75 

27 

8 

6 

4.S 

In  each  ca 

■a  awxt 

DHin  air  flew  at  allahtly  ilch  ntfJcMra 

ooadluona 

waa  ua 

ad 

Iba  twaU  of  tha  drilled  tela  ia  dianctedaed  by  a  "diy** 
layer  of  Mil  up  to  O.S  in.  in  tiiiekMas  inunedlataly  basked  up 
by  fnaen  tnound,  Hw  tow  iMat  ooaduottvlty  of  thia  layer 
aetvoa  aa  an  elfeetlva  inaulator  to  the  f^irther  heat  flew.  In 
one  eaia.  after  drilling  to  a  depth  of  over  2  ft,  the  burner  waa 
held  atatlenaiy  tot  aevaral  minutes  to  create  an  enlaiged  hole. 
In  this  case .  the  diameter  of  tfia  pnvieualy  dilllad  hole  did 
not  appear  to  be  affected. 

An  average  speed  somewhat  greater  than  one  ft/mln  waa 
attained  In  drilling  the  sUty  soil.  Although  less  experience 
was  gained  in  working  the  sandy  iMlf  the  rate  of  penetration 
was  about  twice  as  fast. 

Table  III  gives  data  obtained  in  dtlUiflt  lea.  A  oonnetdal 
300  lb  block  was  usa<l. 


depth  In 
Inches 

Bulk  Density 
#/cu  ft 

Dry  Density 
#/cu  ft 

Mof sture 
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%  by  wt. 
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0  M 
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•1 
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w  .C 

1^ 

Bulk  Density 
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M 

C  W 
V  «- 

Q 

Moisture 
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X  by  wt. 

0  c 

Saturation 

1 

c  c 
0  0 

U  N 

i.  0  0 
V  i- 
Q.  I  u. 

1.0 

3tO 

57.* 

52.0 

0.66 

73.0 

82.6 

^.5 
7.5 

93.0 

61 .8 

50.0 

0.63 

78.8 

85.6 

9.0 

85.0 

58.6 

0.65 

88.1 

7.5 

10.5 

93.6 

66. ii 

'♦1.1. 

0,60 

72.9 

8'.. 8 

9.0 
12.0 

91.2 

63.1 

0.63 

73.«» 

91.7 

n.o 
13.0 

106.2 

77.2 

37.1. 

0.5'* 

86.0 

15.0 
18.0 

71.8 

55.6 

30.0 

0.67 

39.8 

75.2 

17.0 

98.9 

67.8 

1.6. 0 

0.60 

83.8 

87.2 

la.o 

21.0 

6<».9 

0.61 

53.2 

88.3 

17.0 
20.0 

96.8 

72.k 

33.5 

0.57 

68.8 

85.8 

51.5 
23.0 

118.0 

89.9 

31 .0 

0.46 

96.1 

7'».0 

7I.V0 
26.0 

I0I.7 

71.2 

0.S8 

86.5 

86.3 

2k.O 
M.O 

9*1.9 

73.7 

29.S 

0,56 

61.7 

M.S 

No  testa  belOM  26*« 

(Llalt  of  Froat  tanetratlen) 

■anr 

30.0 

69.8 

26.8 

0.58 

50.5 

91.7 

31.0 

Limit  of  Frost  Penetration 

Fig.  8.  Properties  of  frozen  soil,  burner  test  plot 
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TaJUe  m.  Orilling  of  soUd  tee  tNocsto  81s*:  1.2$  in.  dia.  at 

max  output) 


Time 

Hole 

Hole 

Vol 

Av«. 

ol  run 

depth 

dla. 

ramoved 

penetration 

(see} 

lln.J 

(in.) 

{eu  In.) 

rste  (in./mtn) 

30 

17 

7 

920 

•  «  » 

IS 

9.S 

7 

260 

■  »  • 

34 

20 

7.S 

•  •  * 

35 

Th"  high  ri>i-icvi!  md  !.i>>ni';r,jtiOn  J  itos  (romj/iirfr:!  with 
r:o,'.r-i:  .Ol.)  .v:-if  1   ...t^ri  i'.    Lu'^h  lu  .iliout  thrrf  iimi-s 
gu-.iioi  u-i,,ii  lliT      ,1" ,1  i:it»i:l  in  lifillmg  tho  suty  sojJ.  These 
loLiults  inJi.v  .(.'  th  i!  the  he.nt  conrjuctlvlty  o!  the  nLiterial  is 
o  major  dct-?mir.,int .    Although  no  hi?<it  conductivity'  monsure- 
montE  were  made  for  the  two  {rozon  soils  or  the  ice  s.imple, 
the  ice  ;..-ems  to  h.ive  the  highest  value.  No  tpolUng  action 
was  observed  m  the  ioii  or  ie*.  Thua.  dillUno  can  only 
proceed  ok  tho  icc  is  iu:,'ed. 

The  surface  of  the  hole  in  the  ice  had  a  scalloped  appear- 
ance of  concAvc  depressions  oi  about  2  In.  die.   Such  a 
fonnation  is  typic4l  of  a  diverse  range  of  ppoeatsat  including 
aome  fonns  o(  a  Bunten  (laav*  (lont. 


HKOI'tHTIES  or  FINE  SILT  SOIL 

Tho  tests  descritxrd  m  this  ref>ort  were  .Ti.adc  on  3  terrnco 
(ribout  110  ft  above  the  Connecticut  River),  west  ot  CRREL. 
H.inover.  N .  H .   The  soil  at  the  test  Site  consisted  of  varved 
silt!.,  proi  ibly  lepresentlng  lata  Pleistocene  flood  plain 

rivci  dep''iTi'5. 

Irr.mediately  alter  burner  testing,  soil  In  the  test  plot  was 
K.irr.pleci  so  that  its  properties  in  the  frozen  state  could  be 
di'smrn-'i-;.    A  shtitpened  length  ot  tubing  (1.375  in.  ID  by 
0.062S  in.  w.ill)  w.il:  .h.i:niri«!Ted  into  the  frozen  silt.    The  tube 
was  wlihrfr.jwn.  .und  L;.jrnpi<-s  wcr«  extruded  after  each  pene- 
tration of  from  S  to  7  in.  This  technique  yiel  ied  a  series  of 
90od  aamples  to  the  full  depth  of  frost  r'^netration  (3)  in.), 
lite  results  of  these  tests  appear  tn  Fig.  B.  Grain  size 
gradations  are  shewn  in  Pig.  9. 


Use  of  let  Burner  for  DrllUiio  and 
PuU.  House  8el.  Tech.  Ut.  on 
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GRAVEL- FILL  ROADS  ON  PERMAFROST  AND  GLACIER  ICE 


ROBERT  M.  DAVtS,  U.S.  Amy  Cold  Reylons  Research  and  EnQineerine  Laboratory 


As  part  of  tho  Corps  of  Engineers'  Investigations  In  TX>rthem 
Greenland,  a  prOlect  was  begun  in  19S4  to  develop  methods, 
techruques,  and  catena  for  constructing  roads  on  both  glacial 
ice  surfaces  and  adjacent  ice-free  larvd.   About  4.S  miles  of 
roads  built  on  glacier  ice  Included  two  bridges,  and  about  6 
miles  wore  on  the  Ice- free  land.    Besides  road  construction 
techniques,  various  factors  affecting  road  performance  were 
studied.   These  include  soil  thaw  depth,  temperature  pattern 
in  both  Ice  and  soil,  surface  and  subsurface  movement  of  tho 
icecap,  and  hydrology  of  melt  streams  and  the  Icecap. 

SITE  DESCRIPTION 

The  site  studied  extended  between  a  point  on  the  existing  road 
from  Thule  Air  Base  to  an  outlying  foclUty  arvd  to  Camp  Tuto 
(Fig.  1). 

Land  formation  over  the  entire  area  Is  essentially  a  rolllr^ 
or  gently  undulating  tx>ulder  plain.   TVro  types  of  drainage 
activity  are  apparent:   (a)  Drainage  of  local  snow  melt  and 
thawing  ground,  ar>d  (b)  drainage  flow  from  the  Icecap.  The 
first  type  has  maximum  (low  early  In  summer,  thereafter 
diminishing,  artd  usually  completely  drying  up  on  the  surface 
by  tho  middle  to  the  end  of  summer.    The  secorKl  type  has 
maximum  flow  durir^  the  wannest  part  of  summer  when  maxi- 
mum melt  conditions  exist  on  the  Icecap.    Rapid  increases  in 
flow  occur  durirvg  or  following  unusually  warm  weather.  In 
many  places  the  lartd  is  completely  covered  with  boulders.  In 
a  few  places  finer  soils  have  accumulated  or  have  been  de- 
posited to  form  either  frost-susceptible  silty  or  clayey  soil, 
or  both.    Patterned  ground  exists  over  the  entire  area.  Snow- 
fall as  measured  by  temperate  climate  standards  is  relatively 
llghtJ  however,  wir>d  and  dry,  cold  winter  conditions  cause 
drifting  and  make  snow  cover  a  considerable  problem.  Snow 
accumulations  In  the  lee  of  hills  often  persist  through  nearly 
the  entire  summer  season.    Snow  depths  in  valleys  and 
especially  at  the  slope  break  at  the  very  toe  of  the  Icecap, 
are  4  to  S  ft.  although  hill  and  ridge  tops  remain  bare. 

The  part  of  the  icecap  on  which  gravel-fill  roads  were  built 
was  a  largo  tongue  of  Ice  located  between  extensive  moraine 
formations,  (ce  meets  land  on  a  relatively  smooth  S%  slope. 
In  spring,  the  snow  cover  varies  in  depth;  it  is  from  2  to  8  ft 
deep  at  the  glacier  edge,  and  from  0  to  2  ft,  3  miles  from  the 
edge.    Snow  conditions  also  vary  from  year  to  year. 

BORROW  MATERIALS 

Prior  to  construction,  all  atri^otos,  grouitd  reconnaissance, 
and  borings  were  studied,  and  simple  soli  tests  were  made  to 
locate  suitable  borrow  materials. 

Tmo  borrow  types  were  required:  Coarse,  clean,  highly 
permeable  material  (or  the  base  course  and  a  cobble- free, 
silt-free,  gravelly  sand  (or  the  surface  course.   There  are  no 
Outcrops  of  bedrock  in  tho  Tuto  area  so  all  borrow  comes  from 
the  active  zone  (rig.  2).   As  this  zone  oivly  extends  to  a 
maximum  depth  of  3  to  4  ft,  extensive  areas  are  required  for 
sufficient  borrow. 

Observations  were  made  on  the  location  of  various  types 
of  borrow  material  that  may  be  of  value  for  construction  on 
terrain  similar  to  that  at  Tuto.   Airphotos  or  visual  observa- 
tions from  the  air  result  in  a  roasoruble  estimation  of  types 
of  material  present.   This  plus  a  little  ground  reconnaissance, 
provides  all  necessary  data. 

Coarse  Borrow 

Clean  cobbles  and  boulders  support  only  lichens  (on  the  lee 
side)  whereas  practically  all  other  areas  are  covered  with  a 
few  Inches  of  organic  soil  supporting  moss,  lichens,  grass, 
and  other  small  plants.   Thus,  the  areas  covered  with  cobbles 


rig.  I .  Camp  Tuto  and  roadc  on  lc«  end  pemaftott  (U.S. 

Army  photograph) 


and  boulders  can  b«  located  from  the  air  by  their  relatively 
light  tone.   On  the  ground  these  areas  can  bo  located  by 
observli>g  old  stream  channels,  gulleys,  and  the  lee  side  of 
ridges-  Where  annual  thaw  penetration  is  shallow,  cobbles 
and  boulders  are  only  a  thin  veneer  on  the  surface  and 
quantities  should  be  estimated  on  this  basis. 

Because  stoAm  has  been  used  in  the  Arctic  to  thaw  frozen 
grouixl  for  excavation  and  especially  to  thaw  a  cyliivder  of 
grourvd  prior  to  pile  driving,  experiments  with  steam  thawing 
wore  made  in  1 957  to  determine  if  the  technique  could  be  used 
to  thaw  sufficient  quantities  of  permafrost  for  earth  construc- 
tion.  Test  results  indicated  that  steam  thawing  of  large  afMt 
would  be  unecortomical  and  impractical.   The  test  required 
excessive  heat  energy.    Steam  Injection  together  with  Ice 
melting  in  the  soil  created  excessive  water.    Extensive  drain- 
age and  drylrvg  would  be  necessary  before  the  thawed  soil 
could  bo  used  as  borrow  material.    The  "zero  curtain"  sur- 
rounding the  steampipe  sets  a  definite  limit  on  the  rate  of 
heat  transfer  into  frozen  ground.    In  future  studios  of  artificial 
thawing  procedures,  only  enough  heat  should  be  applied  to 
maintain  a  reasonable  advance  rate  of  the  thaw  boundary 


rig.  2.  Bulldozers  stockpilirkg  coarse  fill  from  the  active 
zone 
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around  the  heating  pipe,  and  much  greater  thawing  time  should 
be  allowed.    Simple  solar  radiation  thawing  was  successful, 
but  scraping  up  thawed  layers  (or  stockpiling  demands  large 
areas  and  ample  lead  tlm«. 

rine-Gralned  Borrow 

Although  fine  grained  soils  can  be  differentiated  from  coarse- 
grained soils,  only  a  specialist  In  airphoto  interpretation  can 
determine  It  the  soil  has  excessive  clay  or  slit  making  It 
unsuitable  for  borrow  material.   After  possible  areas  are 
located  by  alrphotos  or  observations  from  an  airplane,  a  few 
simple  borings  and  tests  of  soil  will  determine  its  suitability. 
Clean  sand  deposits  are  available  but  rare  at  Camp  Tuto. 

Random- Mixed  Borrow 

Most  soil  around  Tuto  falls  about  halfway  between  the  above 
two  types.   A  wide  rarvge  of  sizes  Is  available  that  is  too 
deficient  In  fine  gravel  arxl  coarse  sand  sizes  to  be  uniformly 
graded.   Normally  this  material  is  acceptable  for  road  fill: 
but  with  heavy  melt-water  flow,  the  finer  materials  wash  out 
arxl  allow  slumping.   This  material  Is  well  suited  for  berm 
or  dike  construction. 

The  following  specifications  were  used  to  select  borrow: 
(a)  Tor  coarse  borrow,  95%  retained  on  0.7S  In.  sieve, 
ranging  up  to  1  6  in.  in  diameter:  (b)  for  fine  borrow,  10% 
passing  the  200  mesh  screen  and  a  maximum  size  of  2  to 
3  In.  with  good  compaction. 

ROADS  ON  PERMAFROST  AREAS 

The  original  road  across  the  permafrost  was  built  simply  by 
bulldozing  aside  the  coarsest  surface  material.    Thus,  the 
road  tertded  to  be  trenched  a  few  Inches  below  the  surround- 
ing terrain,  causing  snow  to  drift  and  accumulate  in  the 
roadway.  Melt  water  also  tended  to  collect  in  the  road.  This 
softened  it,  emphasized  and  prolonged  any  thaw  weakening, 
arvd  gave  poor  to  bad  service  during  the  frost-melting  period. 

Original  road  alignment  was  susceptible  to  snow  drifting 
and  a  study  was  made  by  airphoto  and  ground  reconnaissance 
to  realign  the  road,  avoiding  areas  of  frost-susceptible  soils 
and  heavy  srx>w  drifts.    Snow  drifting  was  minimized  by  adding 
high  fill  sections  across  depressions,  using  substantial  em- 
bankments wherever  necessary  to  pass  to  the  lee  of  ridges, 
and  choosing  an  alignment  that  considered  prevailing  wind 
direction  in  the  area. 

As  In  all  road  construction,  drainage  was  a  ma|or  consider- 
ation.  Intermittent  drainage  was  handled  by  a  cross  section 
of  3  ft  of  coarse  fill  consisting  of  cobbles  and  boulders  that 
allowed  melt  water  to  pass  through  without  damage.  As  neces- 
sary, largo  diameter  steel  culverts  were  placed  In  water 
courses.    Coarse  fill  was  topped  with  6  In.  of  gravelly  sand 
as  a  wearing  surface.    A  30  ft  width  with  side  slopes  of  1  to  1 
was  suitable  for  the  amount  of  traffic.   The  road  has  performed 
very  well  slnces  its  construction  with  only  slight  maintenance. 
Road  alignment  was  not  completely  successful  as  the  road  is 
occasionally  blocked  by  srtowdrlfts  during  winter.   This  Is  so 
Infrequent  that  it  is  not  considered  worthwhile  to  completely 
char>ge  the  location. 

Road  construction  on  permafrost  presents  few  problems  In 
this  area.    Till  depth  must  be  such  that  It  prevents  thawing  of 
permafrost  and  of  any  occasional  subsurface  ice  masses.  Fill 
must  be  permeable  to  allow  melt  water  to  flow  through  without 
damage,  and  adequate  drainage  structures  must  be  provided. 

ROAD  CONSTRUCTION  ON  GUCIAL  ICE 

During  the  Arctic  thaw  season  (the  best  time  for  transporting 
supplies  to  the  interior  and  other  necessary  work) .  travel  con- 
ditions along  the  Ice  edge  are  at  their  worst.  Icecap  snow 
which  is  firm  and  solid  during  winter  becomes  soft  and  slushy, 
artd  vehicles  move  over  it  with  great  difficulty.   As  snow 
melts,  ice  is  exposed:  it  is  crisscrossed  with  melt  streams  up 
to  4  or  S  ft  wide  and  2  to  3  ft  deep.    For  access  across  the 
Ice  edge  to  the  flatter  interior  areas  where  there  is  less  snow 


melt,  the  road  was  continued  onto  the  icecap.   The  road, 
probably  being  the  first  built  on  a  glacier,  its  problems  and 
their  solutions  would  be  of  value  for  military  or  other  reasons. 

Basic  rood  design  was  a  continuation  of  that  used  on  per- 
mafrost.   The  road  section  was  30  ft  wide  with  2.  S  ft  of  coarse 
fill  and  a  6  in.  layer  of  finer  surfacing  material.   Various  test 
lanes  were  placed  in  the  road  to  check  the  effect  of  different 
fill  depths.   These  sections  ranged  from  a  total  depth  of  S.  S  ft 
(S  ft  of  coarse  fill  and  6  in.  of  surface  material)  to  a  section 
with  a  total  depth  of  6  In.  of  crushed  rock.    The  deeper  sec- 
tions performed  satisfactorily  but  had  no  advantages  over  a 
3  ft  fill.   The  thin  sections  were  an  experiment  to  determirie 
the  minimum  fill  depth  usable  on  ice.   The  thin  section  was 
usable  for  about  one  thaw  season  before  differential  meltii^ 
caused  failure.   Calculations  show  that  3.S  ft  of  fill  Is 
sufficient  at  Tuto  to  protect  the  underlying  Ice  from  meltiivg 
except  during  the  warmest  thaw  season.   During  the  19S7 
thaw  season,  when  the  air  thawing  index  was  2S%  above 
average,  0.2  ft  of  ice  melted  below  the  road  fill.  The 
flexible  gravel  fill  road  can  tolerate  this  much  melt  with  only 
slight  corrective  maintenance.   The  usual  procedure  is  to 
correct  surface  depressions  by  grading.   This  removes  surface 
material,  exposes  the  coarse  fill,  and  results  In  differential 
melting.    Surface  irregularities  should  be  corrected  by  adding 
material  in  all  cases. 

The  road  on  the  ice  was  built  by  stockpillrtg  fill  scraped 
from  the  active  zone  by  bulldozers.  Piled  fill  was  loaded  into 
10  cuyd  trucks  and  end-dumped  where  needed;  heavy  bulldozers 
spread  and  compacted  it  (Fig.  3).  Heavy  traffic  compacted  the 
soil  adequately  as  proven  by  density  and  compaction  tests: 
other  compaction  methods  were  unnecessary. 

With  one  2  cu  yd  shovel,  one  0.75  cu  yd  shovel,  six  bull- 
dozers, nine  10  cu  yd  trucks  and  one  grader,  a  9.5  hr  workday 
and  a  3  to  4  mile  haul  distance,  890  cu  yds  of  material  can  be 
placed  or  300  ft  of  gravel  fill  road  can  be  built. 

Work  output  IS  lower  than  for  construction  m  warmer  cli- 
mates because  coarse  bouldery  material  Is  difficult  to  handle, 
and  borrowing  only  from  the  thin  active  zones  means  frequent 
moves  to  new  areas  and  extra  bulldozer  work  to  stockpile 
material.   Cold  high  winds ,  blowing  snow,  and  whiteoul 
conditions  also  contribute  to  a  lower  work  output.  Experience 
determined  the  best  equipment  ratio  so  that  no  Item  was  Idle. 
Rough  terrain  and  unimproved  ground  made  large,  heavy  models 
preferable.    Repair  and  maintenance  make  simple  mechanical 
controls  preferable:  For  example,  a  mechanical  hoist  instead 
of  a  hydraulic  hoist  for  bulldozers.   In  remote  areas  a  higher 
percentage  of  replacement  parts  should  be  kept  on  hand  than 
in  temperate  zones;  equipment  Is  used  for  work  for  which  It 
was  not  designed  and  breakdowns  are  more  frequent. 

Ablation 

The  main  difficulty  o(  road  construction  on  Ice  Is  ablation. 


Fig.  3.    Bulldozers  spreading  and  compactirig  fill 
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Fig.  4.  View  of  original  ramp  road  showing  ablation  effects 
(U.  S.  Army  photograph) 

Fill  protects  ice  beneath  It  from  melting,  but  tee  on  either 
side  of  the  road  melts  at  an  average  rate  of  about  6  ft  per 
year  at  the  edge  of  the  Tuto  Ramp.   This  ablation  (Fig.  4), 
has  resulted  in  sections  of  the  road  being  up  to  70  ft  above 
Ice.   As  Ice  ablates,  road  fill  sloughs  off  the  side,  and  even- 
tually results  In  complete  failure  at  the  section  (Fig.  4). 
This  ablation  of  ice  next  to  the  road  is  increased  by  dust 
blown  from  the  road  surface  and  by  melt  streams  which  usually 
flow  along  the  too  of  the  road  fill. 

The  ablation  problem  was  soon  apparent:  to  stop  or  retard 
shoulder  sloughing,  berms  were  added  along  sections  of  the 
road.   These  berms  are  about  1  ft  of  random  mixed  fill  spread 
on  ice  next  to  the  road.   The  berm  width  depends  on  the  abla- 
tion rate.   At  the  icecap  edge,  a  berm  30  ft  wide  has  been 
effective  because  the  lower  O.i  mile  of  the  original  ramp 
road  Is  still  usable  after  being  in  place  for  10  years.  Meas- 
urements have  shown  that  about  1  ft  of  berm  width  is  lost  per 
4  ft  of  ablation  so  the  required  berm  width  for  a  road  section 
can  be  calculated.   When  the  new  ramp  road  was  built,  berms 
were  added  at  the  same  time.   The  new  road  design  consisted 
of  a  SO  ft  travel  way  with  a  25  ft  berm  on  either  side.  With 
the  present  ablation  rate,  this  road  should  last  over  IS  years. 

Drainage 

The  second  major  problem  of  road  construction  on  glacier  ice 
was  drainage.   The  original  ramp  road  was  installed  along  a 
ridge  parallel  to  the  drainage  pattern  so  that  no  drainage 
structures  were  required.    Dikes  of  30  or  40  ft  sections  of 


gravel  fill  extending  from  the  road  at  an  acute  angle  to  the 
road  alignment  in  a  downhill  direction  were  built.  Their 
purpose  was  to  divert  water  from  the  toe  of  the  road  fill, 
but  they  are  also  very  convenient  for  turiurounds. 

As  more  roods  were  built  at  right  angles  to  the  melt  stream 
pattern,  various  typos  of  culverts  and  two  bridges  were 
incorporated  in  the  roads. 

The  original  culvert  design  was  of  36  in.  corrugated  Iron 
pipe  (CIP) .   These  performed  as  planned  during  the  first  thaw 
season,  but  by  the  end  of  the  next  thaw  season  they  were 
perched  above  the  Ice.   The  most  effective  type  (or  use  on  Ice 
consisted  of  a  half  round  CIP  set  on  wooden  sills-   This  was 
based  on  the  principle  that  ice  below  the  culvert  would  melt 
at  the  same  rate  as  exposed  ice.  While  this  type  has  been 
most  effective.  It  has  not  been  completely  satisfactory.  Ice 
beneath  the  culvert  is  protected  from  the  sun  and  Is  ablated  at 
a  slower  rate  than  the  exposed  ice:  more  seriously,  the  stream 
becomes  uncontrolled  and  undercuts  the  sills  thus  leading  to 
sill  collapse  and  culvert  destruction. 

The  most  satisfactory  water  crossing  on  Ice  Is  a  short 
(20  ft)  stringer  bridge.    Such  bridges  should  be  placed  along 
the  road  as  necessary.   Two  types  are  used  at  Tuto:  A  pile 
bent  bridge  80  ft  long  or  a  crib  abutment  with  a  clear  span  of 
20  ft;  U.S.  Army  steel  treadway  for  bridging  Is  used  on  both. 
Life  span  of  the  crib  abutment  bridge  has  been  over  five  years, 
but  some  of  the  pile  tips  (placed  IS  ft  below  the  ice  surface) 
became  exposed  in  two  summer  seasons  because  of  erosion  by 
the  melt  water  stream  In  an  unpredictable  abrtormal  discharge. 

Movement 

As  in  all  glaciers  the  Icecap  edge  is  in  constant  motion.  This 
horizontal  movement  varies  from  0. 1  ft  per  year  at  the  edge  to 
about  13  ft  per  year  2.5  miles  from  the  edge.   This  affects  the 
road  only  by  a  slight  change  of  alignment  as  gravel  fill  Is 
flexible  enough  to  absorb  this  much  movement.  Besides 
horizontal,  there  is  also  vertical  movement  in  the  Ice.  At 
one  point  on  the  road  this  averaged  more  than  2.  5  ft  per  year. 

SUMMARY 

Investigations  of  the  Corps  of  Engineers  since  1954  show  It  is 
possible  to  build  semipermanent  gravel  fill  roads  for  mixed 
and  heavy  traffic  on  permafrost  and  ice.   Roads,  with  reason- 
able maintenance,  should  last  for  10  years.    It  is  also  practi- 
cable to  construct  all  required  structures,  such  as  bridges 
supported  entirely  on  the  ice,  with  remarkably  little 
maintertance. 


537 


THAWING  AND  CONSOLIDATION  OF  PERMAFROST  PRIOR  TO  CONSIRUCTION 


B.A.  mumaOH,  l.  p.  GOWUNOV,  1. 1.  XUIOXBinKW,  SeMnUfie  toaaaieh  Instlkul*  e(  reundaUonj  and  Vindworaund  StnietuiM 

V.  r.  ZBUKGV,  V.  A.  Obracbiv  ParaafrMt  RkMueli  IhaUtuta 

A.  N.  KUimCHm,  Norilie«BtaiB  Counetl  of  NetlOMl  Eoononiy,  TJ88R 


Many  years  ot  resoorch  into  the  ^tjonqth  and  dofornjii ?n  c' 
pennafrost  (in  the  frozen  state,  in  the  process  of  thawing,  and 
in  the  thawed  state)  have  yielded  a  wealth  of  data  for  develop- 
ing practical  mothods  of  construction  in  pormafrost  rogions  [l]. 
Widespread  application  of  the  scientific  inferences  and  prac- 
ttcsl  suggestions  resulting  from  such  research  has  made  it 
pOMlbla  to  check,  correct,  and  supplement  the  technical 
prmtlovSt  apscUlcations ,  and  procedures  for  construction  In 
•TMi  olfeetad  by  pacmafrost. 

toll  MmpAratura  umtor  tbm  foundation  is  a  primary  factor  in 
designing  foundatians  In  permafrost. 

flevsraJ  netlioda  torn  bean  uaed  (or  treating  the  foundation 
iMd  (aoll  affMtad  by  oeaattuekkin  and  uaa  of  tfaa  alruetuM] . 
Bowewer,  aJl  auoh  awthod*  can  be  divided  Into  two  gnwpa 
baaed  on  two  diffannl  waya  of  Mattog  tba  foundation  bed  • 
Tba  f Irat  method  la  baaed  eo  aiBUitafning  the  ioundetlon  bed 
at  aubaeiD  temiieratuiea  during  the  entire  lifa-apan  of  the 
■inicture.  The  aeeond  aietbod  Is  beeed  on  maintaining  the 
ftHindatlon  bed  at  temperaniiea  above  leio.  Tba  cboloe  of 
medMd  tat  treating  tfaa  foundation  bed  depends  on  gaocryolog- 
leal  and  engineering  feetnrea  of  Oia  atte  and  en  dealgn  features 
of  the  Birueturs .  loth  aadiade  aatlfieleUy  eitsr  HMwarature 
and  bearing  charaetertsttea  of  the  foundation  bed  <elthar  by 
retreeslng  thawed  soil  or  by  dMWteg  frecen  solO . 

Ibe  present  paper  deals  with  thawing  and  (easily  realised) 
cooBoUdatlon  of  firocen  soUa  In  the  ibundation  bed  prlar  to 
ocmsiiuctlon  • 

Artificial  thawing  of  pennafeoat  prior  to  construction  was 
suggested  long  ago  (l>y  M.  I.  CvdokUDOV-Rokotovstcy  In  1931 , 
A.  B.  Livorovsky  in  1941,  V.  F.  Zhukov  in  19SB,  and  others). 
The  main  purpose  of  artificial  thawing  prior  to  construction  is 
to  provide  a  more  stable  !auiiili^tii>ti  bi-d  <:tKl  to  irr^rlude  non- 
uniform S«ltlemont  of  ihr  strjciuri'  duu  lo  soil  thowlna. 

Such  factors  are  efipt-cially  im^'ortarit  where  stjuc'.ureE  are 
erected  on  soils  having  high  wdi«i  cor.tftsu.  Such  soiia  oc-ur 
In  th«  southern  part  of  the  permafrost  region  whore  i:  ■^'.'c■o 
difficult  to  maintain  foundation  beds  at  freezing  tempera;ures . 

The  value  of  thawing  foun  ii^iuni  beds  prior  to  construction 
has  been  generally  acknowluOg^d,  and  this  method  of  building 
has  been  widely  adooted  in  the  Soviet  Union. 

Originally  it  was  though!  tha!  thawpd  soli  wi?uld  become 
diluted  by  molt  w.itcr  [rjni  tfx^  Ijrgo  voljmo  of  .co-lfnses. 
However,  observations  over  .1  lor.g  period  :ndicci;c  that  not  all 
thawed  soils,  but  only  n  u  w  of  tnem— mainly  clrij'S— swell 

intensively  and  lose  thoir  cohesive  strength.  In  most  cases, 
excess  water  freely  escapes  through  macropores  formerly 
occupied  by  ice-lenses;  mineral  aggregates  thereupon  come 
closer  together  forming  a  more  compact  soil.  Some  swelling 
of  mineral  aggregates  may  occur  from  absorption  of  excess 
moisture:  In  some  cases  this  may  result  in  partial  or  complete 
breakup  of  mineral  aggregates,  but  ultimately,  there  is  an 
Increase  In  the  unit  weight  of  the  soil . 

Fig.  1  shows  the  texture  of  a  natural  frozen  soil  with  a 
rather  largo  amount  of  ice-lonsos,  which  is  generally  repra- 
aentetlve  of  the  typical  texture  of  frozen  loam .  It  is  easy  to 
imagine  what  may  happen  to  su^  eoU  wrhen  It  thaws.  Kotice 
afaould  be  taken  that  lee  oontHit  In  the  soil  Is  not  uniform 
eksig  a  vertleal  Unej  tbla  ioe  oontont  ia  expressed  la  per- 
oentaga  In  Fig.  l  b.  During  Qiaw,  mineral  egyegaies 
approach  one  anothar ,  but  do  not  eonw  Into  close  oonteot, 
ainoa  aleropores  lemain  or  tareahage  of  mineral  layera  and 
aggiegales  ooeura , 

Distribution  of  loe  along  e  borleontal  plane  ta  also  not 
unifoiiB  (Fig.  1  ^ .  Suooesslve  tliawliig  from  top  to  bottom 
veoults  in  different  compaclneea  of  eaeh  eoll  layer. 

Thawed  leaaa  oompaot  differently  ftom  loaroa  that  have  not 
boM  ftoaen.  This  can  be  eaaily  proved  In  Mating  two  soil 
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Fig.  1.  Typical  texture  of  frozen  clay-loam:  (a)  Distribution 
of  loe-lenses  in  vertical  section;  Cb)  Percentage  of  loe  along 
vartical;  (e)  Feroentage  of  loe  along  horlsonta) 


samples,  one  of  wblch  has  t>een  (rasen  and  then  thawed.  Con- 
aoUdatton  of  the  thawed  sample  occurs  faster  and  to  a  greater 
extent  (even  under  a  small  load)  than  does  the  unfrozen  sample. 

Although  thaw  consolidation  of  frozen  soils  occurs  rapidly 
and  rather  easily,  as  if  "spontaneously"  unrier  the  influence 
of  lis  own  weight,  the  soli,  nov^rthi-lojs  ,  shows  some  resist- 
ance to  this  corisclidGtlon  of  the  iriiricral  aqgrcrjalcs. 

Therefore,  to  olDtaln  better  corisohdation  ar.d  t.le  moat  saiis- 
tActory  rea.ilt.s,  it  1:;  necf  f. s.iry  to  iint  rovi-  drainage  and  to 
<'»'P^y       •■xtorn.il  [.T<_'S5urc.    In  pr.iutictj  UiiS  iS  realized  by 
VLTtlcj;  dr.jins,  rnechjnlca;  consolidation,  electro-osmosis, 
or  other  mi^Lhada,  depending  on  the  nature  of  the  so*',  ant! 
peculiarities  of  the  cohesion  of  its  >:articlt>s. 

The  study  developed  th^  best  metluxlA  for  consolidating 
thawing  soils,  and  ini(  l<>n.i>t'.taiiqp  of  these  aelhoda  at  con- 
struction sites  has  yiul4ud  good  results. 

In  developing  a  building  method  based  cn  thawir.g  of  the 
foundation  bed  prior  to  construction,  tt  wns  necessary  to  deter- 
mine the  minimum  thawing  depth  needi'd  .jndor  th<^  Jnur.dciUon. 

As  c  rule,  ice  inclusions  In  frozen  scil  diminish  with  depth. 
Hence,  the  depth  of  preconatruction  th-iwlng  Is  deterrr.lned 
first  from  materials  found  in  engineering  and  geocryological 
site  examination.  Cases  where  very  large  amounts  of  ice 
occur  should  be  considered  separately  as  such  sites  might  be 
unfit  for  building. 

When  distribution  of  ice  In  frozen  soli  is  normal,  depth  of 
preconstructlon  thawing  should  not  exceed  the  size  of  the 
'thawing  bowl,"  which  normally  forms  in  frozen  soil  under  a 
building:  size  and  shape  of  the  thawing  bowl  depends  on  the 
dealgn  of  the  building  and  tha  beat-loss  cbaraelariatlcB  during 
building  uee  C2]. 

Sutldtng  aettleoeiit  la  most  rapid  and  meat  uaaven  during 
the  f  Irat  yaaia  ta  belldfaig  usage  when  the  ifaihwlng  bowl  begins 
to  fbcm  and  diawed  aoll  under  the  fbundatlona  la  still  only  a 
small  part  of  the  ultimate  depth  of  the  thawiag  bowl.  In  tlma , 
the  rale  of  fbrmatlon  of  tba  thawing  bowl  and  of  bitildbKi  aet- 
tlemem  becomes  slower;  at  dde  time  the  uneevmeae  cf  buUd- 
big  settlement  alae  dimlnlahaa.  By  taking  tbla  ten  account, 
it  is  parmiasible  to  decrease  the  depth  of  pracoaslrucllon 
thawing  fiir  tha  sake  of  eoonoaiy .  This  oan  be  done  to  aueh 
a  manner  that  building  settlenmtt  (eftar  thawing  of  Ae  lower 
part  of  the  bowO  te  heU  witbta  aeeeptable  UnUta. 
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rig.  1.  Volume  of  preconscrucclon  thawkng  of  foundation  tMd«: 

1 .  Profile  of  estlmat<id  thawsng  bowl  undsr  th*  bultdtng; 

2.  Pr*cons miction  thawing  to  lull  d»pth  of  tliAwlnf  bowl; 

3.  PnooMBttctlen  thovrlna  to  partial  dapth  of  thawing  bowl 


Ptg.  2  ibowa  achaiaatlcallY  tba  raqulrad  axlaat  of  pia- 
oons  tract  ton  thawing  of  tha  fouadatloa  bad. 

Stioh  a  bttlkllng  natfaod  la  praatUlng  and  ahauld  ba  furthar 
dawalopad.  Tha  following  aactlon  brtofly  daacrlbas  tha  iaeh-> 
nology  appllad  In  tha  V88R  ftar  pvaoonalniotlon  thawing  and 
oonaoUdatloa  of  troaan  bada  to  elayay  and  ooaraa-gialnad 
aella. 


Fig.  3.  Bad  praparation  fay  the  electrical  method  (thawing 
ataga).  A.  B,  C,  ara  rawa  of  electrodes  unifotmly  distributing 
the  load  by  phases.   !•  Iron  pipe  electrodes:  2.  Step-down 
transformers:  3.  Water  table;  4.  Upper  surface  of  permafrost; 

5.  Outline  of  limit  of  thawing  bowl  during  tha  parlod  of  uaai 

6.  Changes  of  the  thawing  bowl  with  tine 


EUCTMCAL  METHOD  OF  THAWING  AND  CONSOUMTIOIf  OT 

cuxnraoiu 

The  I'leclrlcol  ri<-[h<x)  uf  thawing  and  consolidating  clayey  soil 
was  developed  by  the  Institute  of  Foundations  [3j  to  prepare 
foundation  beds  for  heated  structures  in  clayey  permafrost. 
This  method  can  be  used  In  permafrost  regiona  wbara  tha  <ro- 
sen  state  of  the  foundation  bed  is  unstable  and  uaa  of  otfaar 
aiathoda  of  bad  traatmant  Is  not  feasible. 

Iter  atnictuMa  that  bouse  hot  technological  prooaasaa.  tha 
mathad  can  alae  ba  uaad  whara  the  frosan  condiUoa  of  tha 
foundation  bad  la  atabla. 

In  tha  eoaplata  pragraa  of  building  eparatlona.  tnatmant 
of  foundattona  by  thla  aattiod  It  eonaldarad  to  ba  aa  ladapan- 
dant  pm-ca«o  cycle.  With  such  preparation,  tha  atnictura  can 
ba  daai«aad  and  built  fo  tha  aaaw  way  ac  It  la  by  tha  ooda  of 
atandavda  and  nilaa  lor  valiaian  natural  bada . 

PMparatton  ia  aeooaiplUhad  In  two  atagaa  •  aaeh  having  a 
apaelfle  taehnolegy.  Tha  first  aiaga  involvaa  thawbig  of  aolla 
aeooBHpanlad  by  thair  auaultanaous  eonaoildatloo  nndar  tha 
walghtof  ovarlylag  layara.  Tha  aacond  staga  lavobma 
artlflelal  aupplanantaiy  oonaoUdatlen  of  tha  aolla* 

Bad  praparation  nay  ba  eenplalad  during  tha  first  alago  If 
Ifaa  naeaasaiy  compacitlon  la  obtalnad. 

Tha  tadinology  of  tha  aoll-thawlng  ataga  (Fig.  3)  la  baaad 
OB  tha  uaa  of  Inula  haat,  whioh  ortgbiataa  In  tha  body  of  tha 
litosan  soil  when  alternating  currant  tlowa  through  It.  Thawing 
la  accompanied  by  consolidation  caused  by  the  closing  of 
eavitlas  formed  after  melt  water  6on  loa-lansas  flews  in 
vertical  drains— electrodes. 

In  the  second  stage,  lowering  of  water  and  electro-osmosis 
create  additional  pressure  on  the  soil  which  contributes  to 
Supplomcr.tary  consolidjtion . 

Extent  of  thawing  is  controlled  to  conlorm  with  factors 


Fig.  4.  Bed  preparation  by  Itas  afoctrteal  nwtnod  ioonsollda- 
Uon  stage).  1.  WaU  pobit  eathoda;  2.  Anodai  3.  Flaxlbla 

connection  hose:  4.  Current  coaduetor;  S.  Haadar; 
6.  Pumps:  7.  Discharge:  8.  Dinoi ounant ganaratOT} 
9.  Upper  surface  of  permafroat;  10.  Waiar  labia 
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applied  ta  depth  and  configuration  of  the  calculated  thjwinQ 
bowl;  these  factors  assure  the  uniform  settlement  of  a  structure 
duo  to  the  deformation  of  the  bowl  during  is  hft?[  i  ;: 

In  practice,  success  is  ensured  by  observing  thu  l;>U^wmg 
specifications:  (a)  Depth  of  the  thawed  body  of  soils  Is 
assumed  to  be  not  less  than  60%  of  the  depth  of  the  calculated 
thawing  bowl  in  the  center  of  a  structure  after  a  decade  of  use: 
(b)  Width  of  the  thawed  soil  body  Is  assunwd  lo  equal  the 
width  of  this  bowl;  (c)  configuration  at  tb»  lower  part  of  the 
massif  IS  defined  by  a  curved  surface  resefflbllng  the  iMOflle  of 
the  calculated  bowl.  Alternating  current  Is  fed  to  inMMa  soil 
through  vertical  electrodes,  each  o(  which  ftinetions  as  a 
vertieal  drain. 

The  electrodes  cnnalst  of  gmm  or  water  pifitt  with  perforated 
sections  at  the  ends.  Theee  pipes  era  sunk  bito  bond  holes. 
The  etocuodss  an  airanged  In  raws . 

Intarvala  beMean  raws  and  distances  between  elecnodas 
are  apaelf  led  with  ragaid  M  the  depth  at  whieh  the  ateeliedas 
are  tooeisd  alang  Om  ai«  raaestbUng  the  praflla  ot  dia  lotMr 
botindary  of  the  ealeutoied  thawing  bowl  after  a  tan-year  Ufa 
cl  tfaa  alnieluKj  aaxtnim  depth  of  aleotradu  shottM  not  be 
lass  tbsa  M%  of  iha  dopth  of  the  calculated  bowl  at  the 
satiohira  eenlsr. 

To  sacuva  poaltlva  eoMMt  batiraen  the  electrodes  and  tiro- 
sea  sou,  the  hole  should  ba  filled  to  the  Isval  of  Ibe  toien 
surfsoe  with  a  aohitlon  of  calcfani  chlorida,  %<blcb  does  not 
frame  at  lanperaturaa  above  sUnua  2-3*C. 

Blacirle  haatin«  la  attabied  at  the  lew  veltavas  (not  bmi* 
than  3B0  volts)  widely  used  In  buildings.  As  the  prooass  of 
frosen  soli  thawing  goes  on,  there  is  a  drop  In  the  electrical 
resUtanoe  of  the  soil.  That  is  why  the  electric  heating  should 
be  performed  with  alternating  and  periodically  lowered  voltage, 
calculated  on  the  basis  of  the  capacity  of  the  power  source. 

The  thawing  process  is  controlled  by  periodic  observation 
ol  variations  in  electrical  resistance,  temperature  of  the  thaw- 
ing soil,  and  tsctllL'mcnIs  ol  th<-  jiti-  5<j:(rti:<;. 

The  suqcjestcd  technclogy  ol  the  thawing  stjgc  pruvicSfS  lor: 
(a)  Maxlrr.uiTi  concentr.3t.on  of  the  heat  source  as  well  as  for 
unilorm  Uiawtng  of  the  frozen  massif  of  given  configuration 
with  minimum  losses  of  heat;  (b)  economical  use  of  electric 
power;  (c)  considerable  consijlld.itiDn  of  tiie  thawing  soils,  and 
(d)  unlforin  settlement  of  the  structure  during  dafdHBatlOII  fli  tbS 
thawing  howl  in  the  course  of  building  use. 

The  soil  tyjnutUhlAtion  stage  Is  carried  Out  by  SMans  ot 
electro-osmosis  in  soils  ^4.  S  ,  6]. 

According  to  the  modern  concept lo:i ,  the  electro-camo'.lc 
consolidation  is  based  on  the  capobillty  ol  the  oUictiir  current 
to  cause  ei  chfinge  of  water  head  In  wator-saturated  clayoy 
soils  and  create  an  effective  pressure  on  the  soil  grains  . 

The  technology  of  the  bed  consolidation  involves  two 
variants:  The  first  consists  in  applying  direct  current  lo  thaw- 
ing soils  by  Oieans  of  electrodes  systematically  arranged  and 
connected  to  the  power  souros.  The  second  involves  applica- 
tion of  direct  currant  In  oniblnatlon  wlA  usual  nallioda  of 
water  lowering. 

The  choice  between  these  two  variants  Is  governed  by 
geological  conditions  at  the  consGruction  site. 

The  suggested  elec^ode  airangament  and  oonneetlon 
tneludaa  two  closed  cbcuUs  of  elacirodes  encompassing  the 
oonsttiietlOB  alta  and  parallal  straight  lines  of  electrodaa 
inalde  each  drcnlt.  Blaetradas  In  the  exiatnal  circuit  an 
ancdaa;  poles  of  inside  elsetnda  llnaa  altamata  In  con* 
secutlve  order. 

If  a  watef-towerlng  laataUatlon  la  uaed,  all  alectradea 
become  wall  pehxta. 

Aa  hi  die  thawing  tUifga,  alaelndaa  also  ftmetlon  as 
vertical  dnins.  thus  apaading  up  eonaoUdation. 

Electro-oBinatic  oameolldailen  la  oairtad  on  with  staxtonum 
vacuum  in  the  header  of     watafHowacMg  Installation.  Volt- 
age on  the  aleebodaa  la  datsnainad  through  calculatloas 
dapenduig  on  alacm'^asiotlo  irapartlea  of  the  soils  and  la 
specified  in  the  project. 

Consoltdstica  is  obeekod  by  psriedie  Inapaetloos  of  the 
aurfaee  setttoaMnt,  waisr  table  level,  and  tanpantun  of  dM 
soils. 
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The  eiectrical  method  is  characterized  by  the  following 
technical  and  econonic  t.rifaRieters ,    Duration  of  work:   2  to 
3  months.   Capacity  o!  electric  power  sourcu  per  m 
of  the  foundation:  0.1  to  0.3  kw.   Expenditure  of  electric 
power,  per  cu  m  of  treated  soil:  60  to  80  kw  hoiir. 

The  cost  of  bed  Ireatment  by  the  electrical  method  approx- 
imately equals  the  cost  of  maintaining  the  permafrozen  state 
of  the  soil  and  Is  half  the  cost  of  removing  and  replacing  the 
frozen  soil . 

In  1960-61 .  the  described  method  of  bed  treatment  was 
used  In  the  city  of  Vorkuta  In  building  two  standard  type,  three 
alory  trick  houses  with  M  apsrtownw.  The  heda  wen  higlhly 
ewoUm  stoiafaial  iMmy  aolla  containing  allt. 

Iha  froaan  state  of  the  aoUa  in  the  eonatraetlcn  area  waa 
anoamaly  unatsble  and  «saa  chsraclsrlaed  by  nagatlvn  tampar- 
aiuna  appreKlnaibig  aam*  The  pafswltoat  surface  occurred  at 
varleua  dapiba  balow  the  walar  table.  Both  buildings  wen 
pertlally  on  Iraean  soils  and  partially  on  thawed  aolla,  tlia 
permafroaen  aubsoUa  being  deep  below. 

During  thawing  and  consolidation  of  the  bads,  uneven 
settlemenu  took  place;  they  ranged  fom  20  to  700  mm 
depending  on  the  Ibiekaeaa  of  the  thawad  soil. 

Moat  of  tfaa  aattlaMiM  (7S1t)  oeeuirsd  durtaig  diawlng  and 
tho  net  (2SK)  during  supplMMntafy  oonaolMatlon. 

The  average  nlatlM  anttlamant  ot  tha  adl  was  apprcKl- 
mats^  4S  lam  par  m. 

Bed  tnaiaantby  the  electrical  method  In  these  protects 
nsultsd  fat  Iba  folJowbig!  (a)  UnUona  ibawlng  of  the  bed  to 
about  10  m  below  tha  lootings;  <b)  consolidation  of  heaved 
and  thawed  soils  by  eliminating  cavities  originated  by  the 
fflelttng  of  numerous  Ice  inclusions  and  reduction  In  total 
porosity  of  the  soil  (Table  I);  (c)  uniform  oompnsstbtUty  of 
soils  under  the  buildings;  (d)  normal  pressure  on  the  founda- 
lUin  bod  j!  i .  0  And  2.S  kg/sq  cm  and  the  feasibility  of 
applying  simple  and  well  known  OMthods  of  design  and  con- 
struction on  usual  (unfroaenl  natural  bade . 

Table  I.  Density  changes  of  the  mineral  part  ol  soil  in  the 

bed  of  house  No.  19  according  to  laboratory  Inves- 

tlcjjtions 

Void  ratio  bas«*  «■»  «««n  mmlaht 


Mo.  of  Salon  After  TMekaaaa  of 

IULJ12JS  ESSE*  B»b  luEKJld  

1  0.497  0.437  7.0 
3  0.639  0.S19  S.O 
S  0.$9$  0.491  ».$ 
7  0.781  0.S21  S.3 
8  0.628  0.490  6.7 


During  a  year  of  use,  :he  tlrst  ol  iho  two  tiuildings  showed 
quite  u.nilc.-m ,  ,jr.enu.i:i'd  aetl laments  of  aijout  5C  mm  aiMl  a 
virtual  i-nd  ;.it  .-mtt li? merit  ir,  the  last  seven  months, 

Continjinq  mca suremcr.t s  .md  observations  At  the  two 
buildings  shewed  that  soi'.s  maintain  above  zero  temperature 
throughout  the  whole  of  their  thawing  depth  and  that  botti 
buildings  are  in  good  condition. 

Preparations  are  being  made  in  the  city  of  Vorkuta  for 
applying  the  electrical  method  to  five  building  proiects. 

HYDRAULIC  METHOD  OF  THAWUiQ  AND  CONSOUDAIION  OF 
OOMttB-GRMNSD  flOlU 

Coarse-gralnsd,  and  highly  permeable,  gravel-pebble  soils  In 
the  Magadan  region  offer  favorable  condlttona  for  the  spread 
of  thawing  aones,  arising  in  developing  an  ana  that  flrat 
eausea  tha  degradetico  of  permafrost  under  aema  atruetuns 
and  itaair  utility  oonnaetlcas,  and  then  develop  a  total  dianga 
ht  the  parmafroal-gaologleal  eendltlona. 

On  Iha  other  hand,  the  hlgli  ptus ability  of  the  sella  por- 
Btta  the  appUeatlon  of  bydtaiullc  dkawhig  with  subaa^iiaot 
eonaoUdation  c(  aolla  by  vOKaion  (7J. 

Tha  SMthod  u  attraetlva  to  butldsra  because  of  Its  niatlwa 
almpUoity,  the  possibility  of  tacoad-seala  ■atihawlaatton  of 
aKoavattcn  opantlcna,  end  dependability  in  uaa  o<  dka 
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buIUIags  and  •iruetnraa. 

Tha  tlMMring  of  Mil*  M  parforaad  by  maaat  of  woU-polnta 
md*  Inw  l»Uew  drill  rods  33  nm  in  dl«iwt«r«  iwMllr  spaood 
«ta.Sto4.0n.  Sucih  aw  iramaiitiit ma  aitabllthad aftar 
(ha  atudy  el  tha  thawing  caM  of  aoii  araund  itm  peixita  and  a 
cboaaa  atiactlva  Una  for  tb*  work. 

Tha  alnklaa  of  diaaa  wall  points  to  a  dapth  of  6.S  to  7.0  b 
and  mora ,  If  neoesaaryi  may  be  dona  with  boriiiQ  macblnas* 
Aftar  tlie  soil  around  the  well  point*  has  t>een  thawed,  the 
bar  should  b«  pulled  lor  rapaatad  application. 

River  water  Is  used  as  a  heat  carrier  In  hydraulic  thawing . 
Water  is  conveyed  througti  mains  (300  mm  dla.),  distribution 
lines  (3C0  to  130  mm  dla.),  tapping  lines  (100  mm  dla.),  and 
lastly  through  i-ubbvr  hoses  connected  to  the  well  points. 

yo!  ir.'it.3ncc,  prccor.iitruclton  thawing  was  used  in  building 
•a  tv.   -  :-  )ry,  slag-block  structuri-  of  1  8  by  74  »  UM.  8oU 
Uiiiwu;y  was  completed  In  a  month. 

Al;  in  .:iU,  16S  holos  of  7  in  i'-i  i  i  v.ij.-o  uorud  and 
21,000  cu  iri  of  frozen  soils  were  Litiwod.   Cn  the  average, 
each  well  polr.t  operated  17.5  days  and  wuter  consumption  was 
0.38  liters  pit  st-c.   About  5  cu  m  of  wdtor  rtt  10  to  12°C  was 
needed  per  cu  m  of  thawed  soil. 

Points  were  pulled  with  the  help  of  viijrators ,  which  reduce 
the  cohesion  between  soli  and  pipes  during  the  raising  of  the 
points.  With  that,  a  consolidation  of  the  thdwud  soil  took 
place.   Al!  thawed  soil  '.vas  conschdatod  by  vlbrotors.  The 
mean  value  of  the  settlement  caused  oy  the  aoll  thawing  was 
150  mm  but  at  certain  points  it  r^^ached  200  to  n:i  .tuti. 

As  a  result  of  proconstruction  Improvomont  In  bearing  capa- 
city of  the  foundation  bed,  it  was  possible  to  make  a  footing 
foundation  at  a  depth  of  1.8  to  2.0  m  Instead  of  5  to  6  m  for 
pier  foundations  suggested  earlier.  Owing  to  tbla  Innovation, 
cost  of  foundations  was  cut  almost  by  hall. 

bt  case  thawed  soil  after  vibration  maintained  its  swelling 
to  some  extent  and  could  bo  additionally  compacted  under  the 
weigh:  of  the  building,  the  footing  was  slightly  reinforced. 

The  building  has  been  In  use  for  over  two  years  without 
any  strain  In  tha  four4datiori . 

In  the  northeastern  USSR,  thre«*siory  houses  have  been 
built  on  hydraulieally- thawed  (dundatlon  bods. 

During  hydraulic  thawing,  fioa  particles  of  soil  an  mshed 
out.  hut  this  is  not  Important  for  aoaraa^Kralnad  aoUa. 

Howawar,  thia  nwthod  of  praeenatniotloa  eonaelldatton  la 
not  appUeabla  in  elayay  aella . 

Kosa-wuam  euctmc  thawing  or  aoiu 

Under  conditions  of  tha  Magadan  region  the  method  of  high- 
voltage  alacirle  thawing  of  aoUa  ti  also  uaad  [8}.  A  pUot 
pint  for  alaelrle  haatlng  of  fkoaan  ioll  waa  ataolad  in  1961 . 


Powar  of  diu  tnataUatlon  la  12*0  kw  and  voltago  10  kv.  By 
aaaaa  ol  Ala  lAaiallailon,  3000  eu  m  of  fraaan  ioU  wsa 
tbawad  and  aateavalad  (tai  building  a  dam  for  walar  aloraoal  in 
April-May  l9St. 

Ilw  inatBllalion  waa  oonnaelad  to  a  300  V  ttanafcram  aub" 
atatloo  and  bad  a  regulating  1000  kva  ttttotianafefaar.  lyio 
630  kva  transformers  connected  In  paialial  warn  uaad  aa  a 
aouroa  of  ragulatad  high  voltage .  Soli  haatlng  waa  ramotaly 
oottlroUad  from  a  special  control  desk. 

All  oooiponents  of  the  Installation  were  mounted  on  auto- 
mobile trailers  and  could  be  easily  moved  bom  one  place  to 
another. 

For  electrodes,  pipes  (51  mm  dla.)  were  sunk  Into  bored 
holey  . 

tlc'ctric  hi-ci'.ing  capacity  of  the  installation  reached 
100  cu  m  per  shi!;  with  an  oxpflnditurc  of  .io  kw  hour  for  each 
cubic  meter  of  coarse  grained  soil  having  ico  inclusions. 

The  lt;i'lril  '.l: tT.perature  of  the  frozen  soil  was  -10  to  -14^C« 
ri<_'r;tiii;  rnjciiir.g  c.-in  also  be  used  lOf  loamy  soils.  As  an 
additional  advantage  over  hydraulic  thawing,  it  ailowa 
foundation  work  to  be  carried  out  the  year  round. 
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PILE  FOUNDATIONS  IN  PERMAFROST 
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PILE  rOUNDATlON  CONSTRUCTION  METHODS 

Increased  loads  on  permafrost  from  multistory  buildings 
and  industrial  structures  have  mode  It  necessary  to  abarxion 
heavy  foundation  columns  with  footings  and  bearimg  slabs  and 
to  adopt  bearing  piles-    Some  advantages  are:   They  eliminate 
hard-earth  excavation;  industrialize  and  mechanize  foundation 
construction  so  that  it  can  be  performed  throughout  the  year; 
make  fuller  use  of  strength  properties  ol  frozen  soils  (adlrooz- 
Ing  forces):  and  increase  the  rollabiUty  ol  the  foundation  in 
unexpected  diKcrentlal  thaw  of  a  frozen  stratum.    Pile  founda- 
tions hove  come  Into  widespread  use  in  construction  on  frozen 
soils  In  the  USSR— particularly  where  the  permafrost  can  be 
preserved. 

In  the  USSR,  as  early  as  the  1920'5.  wood  piles  were  In- 
stalled In  frozen  soils  by  steaming,  but  this  was  not  common 
practice.   Piles  were  Installed  mainly  for  wooden  or  small 
stone  buildings.    But  within  this  decade,  first  in  Yakutsk  and 
later  in  Norll'sk  and  other  localities,  reinforced  concrete 
piling  IS  being  used  more  frequently. 

There  are  two  main  methods  of  sinking  piles  Into  frozen 
ground:  (a)  Preliminary  thawing  of  frozen  soils  by  steam  for 
sinking  the  piles,  and  (b)  preliminary  boring  of  holes  with  a 
diameter  larger  than  the  cross- section  of  the  pile  and  back- 
filling these  holes  with  a  soil  suspension.    The  first  method, 
developed  in  Yakutsk,  is  economical  and  efficient. 

During  one  shift  a  team  of  three  or  four  men  steam  the  soil 
for  installation  of  three  piles  to  accommodate  largo  cross 
sections  (50  by  50  cm  or  larger)  to  support  loads  up  to  100 
tons  or  more. 

The  disadvantage  of  this  method  Is  that  considerable  heat 
and  water  are  introduced  into  the  ground  as  a  result  of  steam 
condensation:  this  prolongs  the  period  of  adfreezlng  of  the 
soils  and  retards  restoration  of  natural  negative  temperatures. 
Adfreezlng  of  the  soli  depends  on  the  surrounding  frozen  strata 
and  the  season  and  may  take  from  IS  days  to  a  month  or  more. 

This  method  becomes  more  complicated  as  the  soli  grain 
size  Increases,  especially  when  there  arc  gravel-cobble 
inclusions.   Therefore,  sinking  piles  by  steaming  can  bo 
used  only  In  fine-grained  soils  with  a  mean  temperature  in 
the  pile  driving  zone  of  -  IS  C  and  lower.    The  main  dis- 
advantage of  this  method— prolonged  period  of  adfreezlng— can 
be  eliminated  by  removing  the  steamed  soil  and  replacing  it 
With  a  cooled  soil  suspension  or  by  artificially  cooling  the 
steamed  soil  before  or  after  pile  installation. 

In  Norll'sk,  reinforced  concrete  piles  in  boreholes  are 
Installed  successfully  in  soils  having  a  low  negative  tem- 
perature but  containing  coarse  soils— ballast,  cobbles, 
gravel— as  well  as  for  fine-grained  soils  when  soil  pile 
adfreezlng  is  accelerated  or  when  the  temperature  of  the 
frozen  stratum  is  not  low  enough. 

The  speed  ol  sinking  holes.  3S0  to  4S0  mm  In  diameter,  by 
cable  tools  varies  from  7  to  12  m  per  shift.   Sinking  speed 
can  be  increased  by  supplying  hot  water  to  the  hole. 

Adfreezlng  of  the  soil  and  pile  proceeds  last  enough  so 
that  in  10  to  15  days  the  pile  can  bear  almost  75%  of  the 
design  load. 

Square  and  rectangular  piles  are  used  much  more  frequently 
than  round  ones.    Shaped- section  piles  (double  T,  cross, 
etc.)  [  1 ,  2l  have  been  used  in  recent  years,  reducing  the 
volume  of  concrete  and  correspondingly  the  weight  of  the  pile 
with  a  Simultaneous-increase  in  the  lateral  surface  (adfreezlng 
area)  which  increases  the  pile  bearing  capacity. 

These  methods  of  pile  driving  are  successfully  applied  to  a 
frozen  soil  with  a  low  temperature.    High  temperature  soils  are 
more  difficult  because  freezing  of  thawed  soil  proceeds  very 
slowly  and  may  last  several  months.   When  the  temperature 


of  the  soil  Is  about  0''C  no  freezing  takes  place.  Therefore, 
under  these  conditions,  pile  driving  with  preliminary  steam- 
lr>g  or  boreholes  backfilled  with  soil  suspension  can  be  done 
only  If  the  soil  suspension  is  artificially  frozen  by  brine  or 
cold  air  (in  winter)  circulating  in  specially  Installed  pipes  or 
In  the  hollow  of  the  pile. 

Experiments  have  shown,  however,  [3}  that  for  frozen 
plastic  soils,  temperatures  up  to  -1°C,  piles  can  be  driven 
into  the  frozen  stratum  without  preliminary  steaming,  if  soils 
are  sufficiently  plastic  and  contain  no  coarse-grained  inclu- 
sions and  thick  ice- lenses— or  into  bored  leader  holes  (0.  7  to 
0.9  of  the  pile  diometeri  It  soils  are  more  unfavorable.  In 
these  cases  pile  driving  is  similar  to  pile  driving  into  non- 
frozen  heavy  clays.    For  example,  in  pile  driving  into  sandy 
clay  soils  at  -2°C,  the  set  from  one  blow  was  7.5  mm;  the 
height  of  hammer  fall  was  1  m.    Bearing  capacities  of  piles 
driven  directly  into  the  soil  or  small-diameter  holes  appeared 
considerably  higher  than  by  any  other  method. 

PHYSICAL  PROCESSES  IN  THE  GROUND  DURING  ADFRECZE  TO 
PILE 

A  study  of  soil-pile  adfreezlng  L3l  shows: 

In  pile  driving  with  preliminary  steaming,  water  content  of 
the  thawed  soil  increases  by  SO  to  120%.   The  suspension  put 
into  the  boreholes  also  has  increased  water  content  compared 
with  surrounding  frozen  soil.    The  question  arose  as  to 
whether  this  excess  moistening  decreases  the  strength  of  the 
frozen  soil,  thereby  rcducirtg  the  bearing  capacity  of  the  pile. 
However,  pits  dug  near  the  pile  and  analyses  of  frozen  soil 
samples  (Fig.  I),  as  well  as  special  laboratory  experiments 
with  pile  models,  show  no  decrease  in  soil  strength  or  pile- 
bearing  capacity.    During  freezing  of  thawed  soil,  moisture 
migration  to  the  cold  front  occurs,  and  all  excess  moisture  is 
drawn  from  the  pile  to  the  periphery.    Thus,  the  final  water 
content  of  the  frozen  soil  near  the  pile  appears  close  to  the 
natural  water  content  ol  the  surrounding  permafrost  strata, 
regardless  of  the  initial  water  content  of  the  soil  mass  thawed 
by  steam.    If  In  Its  natural  state  the  frozen  soil  had  consider" 
able  ice  inclusions  and  correspondingly  high  total  water 
content  (Fig.  1) ,  the  final  water  content  of  the  frozen  soil 


Fig.  1 .  Soil  section  near  a  pile  driven  after  preliminary 
steaming 
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mass  appears  equal  to  the  water  content  o(  mineret  layers  of 
the  surrounding  soil.  IMa  oonMitt  !•  Mgnlfleamly  Jcnrac  than 

Its  total  amount- 
When  thawed  soil  (rsezos  a  thin,  suTiotlmcs  liscontinuous 

or  continuous  dim  o(  Ice  forms  on  the  surface  of  the  pile. 

reducing  the  jdfrceziog  strerigth. 

In  emt*ddin9  the  pile  by  this  or  other  methods  into  the 

frozen  soil,  t  ing-i.ti^^ii  (ridfreezing)  atfataaa  davalop at  tha 
contact  with  its  lateral  surface. 


(1) 


wham  c  la  adfraan  amaa  of  tba  boaan  aoll  wtth  tha  lataral 
ainfaee  of  tho  pUo  and  9  t  ta  frtetton  fotoe  (v  »  latanl 
pittiaurai* 

Cehaaloa  (adftaaslnol  atraaaaa  appaar  taeauaa  of  adfiraat- 
MQ  of  tha  aiuneimdlna  aoU  nvlth  tlw  body  of  Iba  plla  and 
dapand  on  the  type  and  tamperatura  of  tha  aoU  and  the  pile 
■latailal.  Fiteiiai)  ativaioa  davolop  undar  tha  tntluanoa  of 
ndlal  atiaaaaa  (gJ  to  tha  aHnouMttnv  aott  and  dapand  on  tha 
valua  of  thaaa  atnaaoa  and  Iba  oeafUelant  of  frtctlon  (A  of 
aoll  agalnat  ptla.  Straaaoa  tp|)  chaago  baeauaa  of  ralaxation 
to  HiwI  valuaa*  Iba  ralatienahlp  ba- 
■ad^fonds  conBidarahly  on 
tba  aalhod  of  anbadding  tha  pila.  tn  inatalltng  piles  into 
ataawad  bolaa  or  borad  holes  backfilled  with  aoU  anapanalon. 
Iba  cihlaf  fbieas  are  adfreezing  (cohesion) . 

Friction  stresses  develop  only  from  small  radial  s trasses 
caused  by  the  volumetric  expansion  of  water  in  the  soil  mass 
when  a  fraaaaa  and  from  lateral  pressure  of  the  soli.  In 
driving  piles  into  boreholes  smaller  than  the  pile  or  directly 
into  tha  frozen  stratum,  the  principal  stresses  are  frlctional 
because.  In  this  method,  high  radial  stresses  result  from 
compaction  of  the  surrounding  soil.    The  adfreezing  (cohesloill 
stresses  are  caused  by  adfreezing  of  the  thin  soil  layer 
adJflcerU  to  thi;  pilir  .ind  Ihowm;  a';  ,1  rt-oult  01  Invlng. 

Toihii-  I  presents  data  from  experiments  L  Jj  on  the  effect  of 
pile  dr:vir^j  (:rto  high  tampantun  fioaan  plaatie  aoilii  tm 
shear  res;stance. 
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Pig.  2.  PuU'Out  naiatanea  taating  of  leds  ambaddad  In  aosan 
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aoU.  -0.4*C.  foda  drivan  Into  sawll  dlaateter  bocabolaa;  2  - 
tiia  aaaw,  lOda  Aoaan  Into  aoil 
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where  fi  .^r.d  B  nre  p,ir.Hrr.etc-rr.  determined  by  experiment. 

.Sheor  rr.-u st.mrr  liepcniiL-  on  ycometrlcal  dimensions  Of  the 

piif-,  th<Te!ori:,  df-wjn  Values  of  s  shnuid  ba  datominad  by 

tests  condi^ctod  under  .actual  ccnrdltions. 


Table  I.  Ultimate  shear  resistance  of  soils  s.  along  lateral 
pile  sarf.jce  in  sandy-allty  aotl  (-O.S'Cand  30  to 
3S%  water  content) 


Method  of  Dila  drtvlno 

kfl/aaem 

Sunk  Into  steamed  borehole 

(diameter  latter  than  pile) 

0.1 

Driven  by  pile  driver  Into  steamed  hole 

(diameter  smaller  than  pile) 

0.1 

Driven  by  pile  driver  into  a  bored  hole 

(diameter  smaller  thin  ;j|le) 

0.3 

Driven  by  pile  drtver  directly  into 

ftoam  soil 

0.4 

Shear  resistance  of  soil  .ilong  n  piU-      well  -i-s  other 
characteristics  of  frozen  soil  depend  on  the  fivirotlon  of  load 
action.  ("Rheokxjy  o;  Trozen  Soils,"  in  this  volume.  Session  6) 

Experiments  with  punching  in  and  withdr.iwing  rods  em- 
bedded In  tiozon  soil  13.  by  this  or  other  rr-.ethocis  showed 
that  displacernent  (setliemeiiO  of  piles  i.rider  ronst.3nt  loads 
yields  typlciil  creep  curves  (r:g.  2,5).    T/i splacerr.ent  of  t>  pile 
proceeds  Irutl.Hlly  with  dimir-ishing  :jpeijd.  later  with  almost 
constant  speed,  and  iiri.illy  mcre  jscs  abruptly  and  the  rod 
collapses  completely.    The  smaller  the  load  Is,  the  later  the 
failure  occurs. 

The  relfltlor.  bi-tween  the  Viilue  of  specific  load  (referred 
to  aren  o!  pile  Liter.^l  surtcicej  and  the  tlno  when  the  com- 
plete failure  occurs  is  reflected  hy  curves  of  loncj  tern 
Strength  (Fig.  2b).    The  intercept  on  t,h.?  ordinate  of  the 
plot  Indicates  Instantaneous  shear  resiatar.ce  (s^.,)  of  the 
ground  along  the  rod  and  the  asymptotic  oidir.nte  indicates 
m.ixlm  jm  long  tenr.  resistance  (s„J,    The  change  in  shear 
resisMr.ce  (s)  ,=13  a  function  of  the  time  Of  the  load  action  la 
determined  by  ("Rheology  ol  Fiosen  Soils,"  in  this  volume. 


PILE  PERFORMANCE  IN  FROZEN  SOILS 

Plle.t  m  frozen  •soils  iiri  .1-.  though  •. .ispflintled  c  .myuig  the  load 
by  the  resistance  to  soil  shear  along  the  lateral  pile  surteCO 
[Tl  and  by  sou  resistance  u.ider  the  tip  of  the  latter  (R) . 

Investigations    3.  have  shown  that  at  first,  when  t.-.e  load 
IS  inMlgnlflCflnt  or  only  r.light,  damped  settlements  f.-.ui.ed  by 
soil  coinpjctior.  occur,  Mnce  bonds  (cohesioiJ  ol  ..oil  10 
lateral  pile  surface  arc  not  broken,  and  the  loaf',  is  carried 
by  tangential  forces  (H-    As  load  increases  and  settlement 
develops,  soil  under  the  pile  t.p  become 5  impc^ant.    At  a 
ceit.-iin  load  value,  when  tangential  stresses  Ir^)  alona  the 
plltj  (•xceed  the  r.he.ir  resistance  of  the  soil  along  t.^e  pile 
(s«)  .  the  SO;. -pile  bonds  break  and  the  rod  slips.  A  small  load 
is  applied  to  the  soli  under  the  piio  tip,  or  the  soil  wedge 
formed  under  the  tip,  if  it  is  flat,  moves  aside  the  surrounding 
soil,  and  the  pile  sinks  Into  the  latter  as  into  a  viscous  plas- 
tic medium;  the  settlement  of  the  pile  becomes  undamped 
(Fig.  3).  This  state  is  ultimata  and  datanninas  the  iiearing 
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Fig.  3.  Settlement  versus  time  curve  lor  incremental  load 
taatlns  of  a  plla 
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espaelty  of  •  ttngto  pila,       ,  iti  ultliut*  lead. 

where 

•  J    T  udy  and  R^'  OT 
e 

wlwra  Ty  m  ttiMMiMl  MTMMS  kloiig  tiM  pttoi  9  «•  aonMl 
■tniwf  undar  Itt  tly  tin  the  slala  of  Untttng  aquUtMuii 
i  if  langtb  »f  tha  pito;  u  Is  parlmatar:  and  T  la  eioaa* 

aaetlenal  araa. 

The  relation  bolWMn  load  W  and  aattlanent  of  tha  pOm  (30 
la  nonlinear 

wham  A  and  a  art  paramatart .  A  dapandlng  on  tha  time  of 

load  action:  function  A(t)  reflects  development  of  sattlament 
with  time.    Tor  final  stabilized  settlements  A  =  A   Is  constant. 

When  the  ioaH  exceeds  the  ulumdte  value      the  develop- 
ing undamped  dafomationa  obey  the  law 

J  «  k(P  .  Pj"  (SI 

where  k  .ir..:  u  jrr  ['.jrirr.cu^rs;  u  n  close  to  unity. 

To  inv.-?,tici.itr-'  th.>  law  of  ii^tribution  of  tanoential  5tresses 
dlong  thi>  i  ll'-,  K.  £.  Y-;-'^ '.  t-'V  .       J  viigr.iid  ,i  pil-'-  in  the 

form  of  □  hclluv.'  j;:^.-  mtj'-ji/i.t.y  j  f.i.f.    3ujir.-3.ig!:'  sensing 
elements  attached  to  this  pipo  allowed  measurement  of  vcrtt" 
cal  compressive  stresses  (Oy)  in  the  pipe  wall.    In  one 
variation  a  continuous  duralumin  pipe  was  used;  In  another, 
a  pipe  consisting  of  reiniorced" concrete  nngs.  Tangential 
tttassaa  (fy)  are  found  by  solving  tha  aaulUferlum  equation 

j'^T  udy.<P-f»»  =  0  «l 
o  »  ' 

wfaara  P  la  acting  load:  u  is  perimeter  of  tfaa  pipe,  and  f  la 
Class- sectional  area  of  the  pipe  (wall). 

experiments  performed  in  Yakutsk  show  that  the  cuiva  of 
distribution  of  r   is  nonlinear  and  changes  with  an  Ineraasa 
In  toad  and  In  tttn^  ds  a  result  of  stress  relaxation.  However, 
because  of  insufficient  knowledge  of  this  problem,  practical 
calculations  are  based  on  the  wcty}c  wi'.uc      T,^,  (,jlong  the 
pile  length)  -issuminq  it  to  txT  cqunl  so  She  ultimate  shear 
r«^sist.iri(;<>  of  the  soil  along  the  lateral  surface  of  the  pile 
(strength  of  adfree/ing)  ,  (Ty  -  sj.    Reactive  stresses  under 
the  tip  Of  the  pile  are  assumed  to  equal  the  ultimate  resist- 
ance of  the  soil  to  the  sinking  of  the  p!lf>  (o  =  p^).  This 
assumption  Is  also  justified  becau'ir  in  the  sta;e  of  limiting 
equilibrium,  which  is  c.jlculated,  the  cup/e  of  Mncjenti '.1 
Stresses  probably  flatt-?ns  out.    In  th.s  r  i.,f.  o'.  t.-d.-M-,  one 
should  consider  the  change  in  s_  along  the  pile  length  caused 
by  (ha  change  of  aoll  tenpefature  with  depth. 

DESIGN  or  PIU  FOUNDATIONS 

As  mentioned,  the  daBlQnef  pile  foundations  in  frosen  soils 
Li,  4,  S]  la  based  on  strength,  piaoeadlng  from  consideration 
of  tiia  state  of  Uniting  aqutllMttm,  acooidlng  to  (9 . 

Design  raslstanea  of  a  stogie  pUo  subloetad  to  an  axial 
load  is  dalannlned  by 

P  >  It  (uS  ♦  Pp.  ♦      *q>  W 

where  k  =  0.7  to  0.8  (possible  heterogeneity  of  the  solO 

u    IS  foundation  perimeter  on  the  surfac(>  of  ftdtit-t-zinq  or 
shear  (cm) 

*"(l)  "  'J'"'"*'''  "^hi-.^r  rosist.^nre  of  frozen  soil  on  the  lateral 
plio  surface  corrcs pond i rig  to  design  temperature  in 
the  ith  layer  (kg    sq  cm):  ceterrraned  from  field  date 
L'j  is  design  depth  of  p. In  rimbedmer.t  into  frozen  iiOll  (cnO 

r  Is  cross- sectional  droa  of  the  [  lie  .jt  the  tiji  (cm) 
P«    Is  ultimate  resistance  of  frozen  soil  jndor  pile  tip 
(kg/sq  cm):  determined  from  field  data  or  for 
preliminary  calculations,  from  Table  II 
q   IS  ultimate  resistance  to  friction  of  thawed  soil  along 
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lateral  surface  of  the  fOLindatior  within  limits  of  de- 
sign depth  of  thawing  (kg.  sci  cm)  .   !t  l^  detcmin«-d 
fr-iim  testL-Lq  or  .ita.'ic.irc;  d.-it.j  (oi  t.hawcd  soi'.s 
IS  jorsjth  o)  pile  poaion  above  the  design  depth  of  upper 
bounJiry  f:l  the  permafrost  (cm). 
The  last  term  In  (7)  concerns  piles  driven  directly  into  tha 
frozen  stratum  or  Into  smdU  diameter  holes  In  case  Of  non- 
heaving  soils  in  the  active  layer.   Design  resistance  of  a 
pile  subjected  to  pulling  forces  is  detanUnad  by  O  without 
considering  the  first  and  third  terms. 

The  strength  calculation  is  satisfactory  If  th»  load  acting 
on  the  pile  does  not  exceed  the  design  resistarKre  of  4w 
grourvd. 

Whan  the  soil  is  subjected  to  short-tprm  loads  (cranes, 
railing  stock,  wind.  etc.).  the  special  frozen  soil  rhoological 
properties  permit  the  use  o(  a  load  reduction  factor  of  0. 75  to 
0,5  CS]. 

Since  a  disturbance  of  the  llaittlng  equilibrium  of  (rocan 
soils  in  contrast  to  thawed  aolls  does  not  causa  sudden 
settlements  (but  only  development  of  undaapad  though  slew 
sinking  of  tha  piUi .  the  design  load  datarmlned  by  W  may 
be  somewhat  exeaadad.  than  ibe  calculation  shouM  be  per* 
fansed  by  using  equations  found  in  Csl. 

Whan  piles  an  dnvm  titte  hlsh>tampmtara  soils,  aueh 
ealeulatttm  Is  Baeassny  ngaidlass  of  flia  daai^B  load  valtia. 
lha  calculatloii  datetmines  the  load  at  whl^  pile  aattlasMtt, 
during  use  of  the  structure,  does  not  satoaad  ihm  maximum 
parmlsflUa  value,  the  latter  Is  dotonnlnod  fn«i  strndarta, 
depending  en  the  sensiUvity  of  the  stnieturas  to  daioi— Hon. 

Whan  dealing  with  an  aetlvo  layer  of  clay  soils,  ttia 
following  equation  la  used  to  calculate  the  toioaa  dua  to  aoll 

heave  caused  by  seasonal  fraaslng. 

uT  -  n;  N  4  u  r  s_jj  l^^  (8) 

where  N  is  venir.^.l  component  of  design  load  acting  or,  the 
plies,  considering  the  direction  of  us  .u  tior  (kg):  t  ir.  r.-l  i- 
tlve  heaving  fnrce  (kcj  cm)  assumed  without  test  data  to  be 
90  kg  per  lin-:  •!  ;m  of  the  foundation  perimeter  for  an  active 
layer  l.^  .m  thick,  and  1  SO  kf/ cm  for  an  active  layer  over 
1.0  ro;  ni  and  n^  an  eoafflcients  assumed  to  be  O]  =  1.1  and 
n2  »  0.9. 

The  peculiarity  of  pile  c:i  Ic  il  itions  :r.  Jro/en  soils  Is  that 
the  resistance  of  these  soils  and  consoquontly  the  bearing 
capacity  of  the  plies  are  not  constant  values  but  vary  durlr^ 
the  year,  depending  on  the  permafrost  temperature  and  the 
State  o(  the  active  layer. 

Maximum  bearing  capacity  i$  achieved  in  winter  when  the 
layer,  thawed  during  the  season,  freezes  fully  and  soil  tem- 
perature is  lowest.  In  autumn,  when  seasonal  thawing  of  tha 
soil  ceases,  and  permafrost  in  the  upper  layer  reaches  Its 
maximum  temperature,  tha  bearing  capacity  of  the  pile  la 
lowest.  This  period  of  maximum  thawing  of  the  active  layer 
Is  adopted  as  the  design  period  for  calculating  tasiperatura 
distribution  within  the  permafrost.   Thus,  the  rated  diane- 
terlsUcs  of  boxen  soil  strength  (which  depend  on  tamparatun) 
are  established. 

8oU  design  temperature  iB^f  is  determined  fiom  tamporetura 
obaaivatlon  data  in  natural  conditions  and  conocted  for  Hie 
thamal  offaet  of  buildinga.  or  determined  on  tbo  baals  of  boat 
englnaatlng  calculations. 

For  appfoxlmata  caleulatlona  of  aoil  dasign  taaiparatnra. 
V.  V.  Dokucbaav  auggasted  tha  fMlowmg  aakpineal  aquation. 

•^^O.Uha^  (91 

where  0^  is  temperature  at  the  depth  Of  the  zone  with  annual 
zero  amplitude  of  temperature  fluctuations,  and  h  is  depth 
from  design  surface  of  permafrost  to  tha  hOTlXOn  IbT  WhiCh 

the  design  tonperat ^re  Is  determined. 

Thi-  I'^L.itior.  IS  .ippllcflble  only  when  8^  i£  below  -2'C. 
Design  v.ilui's  o'.  •;    jnd  p^  Included  in  (7)  uto  determined 
from  dat.i  obt.nr.p-:!  ir  testing  plies  under  experimfnt.^!  loada 
at  tomporaturoj  corrc  5  ponding  to  the  design  lojds  or  for 
approximate  cjlcula^^cris  Irox  t.^-bul.^r  d^ta. 

Shear  resistance  of  frozen  soil  along  the  pile  (s^)  depends 
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en  Hi*  tnw  of  mU,  lU  watar  centaiil,  dtnitty,  and  tmpara* 

tura.  1h«  mpoMiblllty  of  consldstlns  all  ttuM  lactan  as 
well  as  their  change  (depending  on  pile  emplacement  maUiod) 
does  not  yet  allow  determinauon  of  s_  with  sufficient 
aoeimcy.  In  axlsUng  USSR  standards  C4.  Sl  valu«s  of 
for  tentative  calculations  are  assumed  to  depend  only  on  sell 
temperature  (Table  10.   These  values  were  obtained  by 
S.  S.  Vyalov  [3l  from  field  data  for  piles  frozen  (with 
ttaralia)  Inio  mndyelay  lollt. 


ftUa  n.  Shear  ref.i'.v.nce  of  bOMmn  toll  along  the  lataral 

surface  ot  pile  s_ 


Soil  temp. 

ro 

-0.5 

-l.O 

-1.5 

-2.0 

-2.5 

-3.0 

-3.5 

-4.0  and 

lower 

o.s 

1.01 

1.2& 

1.5 

1. 75 

2.0 

2.2 

2.5 

Ifaaae  data  nay  be  lettnad  on  Ilia  basis  of  s.  from  tests  or 
long  expailance  in  conatructlon.  Fbr  aands,  values  of  s.  are 
probably  Mohar. 

bi ealeulatlng  dnvan  and  backfilled  piles,  values  of  p. 
fllven  above  daeraaae  by  50%  for  a  soil  layer  containing  ice  as 
laminae  and  lenses  over  20  cm  thick  and  with  total  tiiickness 
of  more  thari  bO'X  of  the  layer. 

Uh.mcto  reiUstonce  oi  iiozen  soils  under  the  pile  t:p  ([  J 
is  determined  irom  test  data  obtained  by  depth  settlemer.t 
plates,  from  testing  of  piles  with  hydraulic  dynamometers  on 
th«  tlpa  or  appioitlMMly,  vatng  tha  fbUowtng  aquation  [3] , 

P,"H,*vh  (10) 

0 

wh?re        -  ks 'sq  cm,  u!t;nate  reElstance  of  frozen 

{a:  the  level  o',  the  pile  tip)  to  the  presEure  of  the  bsll  ir.denter 
by  the  method  of  N-  A.  Tsytovicn,  Q  is  load  on  the  ball  (kg); 
d  i!v  dls.neter  of  the  h,ill  (cm);  X,,  .-i  fin.il  r. t.jtiiiizod  depth  O! 
impn-sslon  (;ii't!li>n:i-riij  ol  liKt  1-,/^  (run);  >  is  unit  weight  Of 
the  »otl  (k9/cu  cm):  and  h  is  depth  01  driven  pile  from  the 
soil  surface  (cm) . 

The  share  of  tne  load  applied  to  the  soil  at  the  pile  tip 
depends  on  the  distribution  of  soli  temperature  throughout  tha 
depth,  the  method  of  pile  driving,  and  the  relation  between 
pile  length  and  cross-section.   For  tentative  calcuiauons  the 
value  of  ultimate  teaiatance  of  firoMn  soila  under  the  pila  tip 
may  be  taken  ftom  T)»ble  III  which  1*  •ubctamlated  In  ts] . 

Table  III.  llltiiBat*  realataneaa  of  troaan  aoUa  under  pile  Up 

»J  

P»  (ka/sq  cm  'C  near  tip)      ~        "  "    ~  ~ 

-4.0 
and 

Xixn?  -0.5  -l»n  -I.S  't.O  »2»8  -3>0  -3.S  lowet 

Ccdise-grained 
soils  aS.O  37. S  40.0  42.S  42.5  4S.$  42.$  4>.5 

Sondy  noils 

(dr  ri  uO  2S.0  2ft.a  20.0  30.0  30.0  30.0  30.0  30.0 

Clayey  soils 
and  silty  sands 
without  visible 

ice  irc:ljslons 

l:.!>y«rs)  7.0    9.0  U.O  U.O  15.0  20.0  20.0  20.0 

All  soil  s  with 
visible  ice 
(layers)  ir. 
0. 5  m  layer 

under  Up          4-0   4.S   S.O   0.0   7.0   g.O   0.0  10.0 

When  the  pile  reals  on  an  loe  layer  its  resistance  la 

neglected. 

In  soils  with  more  than  0. 1%  salt  concentratien>  p^  la 
dr-torminod  from  special  investlgatlona. 

DESIGN  EXAMPLES 

Exaoipiaa  of  soma  datigni  for  usirtg  pile  foundauona  in  fro  sen 


Ftg.  4.  Water  pipeline  trestle  on  pile  foundation 


soils  are  given  below  [2]. 

Fig.  4  shows  the  application  of  piles  in  erecting  a  trestle 
for  water  pipelines.  Trsstles  for  product  pipelines,  district 
heating  lines,  and  other  engineering  ullllties  are  arranged 
alnltorly*  Piles  are  effectively  used  even  in  special 


Fig.  S.  9n6k  fadoiy  building  en  pile  foundation 


}2l  4-  lis  MS 


Fig.  6.  Industrial  structure 
fieiaawarit  on  pile  foundation 


Fig.  7.  Stepdown  substation  on  pile  foundation 
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Industf i^v:  involvirry  hjrjh  tcmpciaturos .    Fig.  i  shows  the 
sch'.-m.itir  scct.c  r.  ol  i  tricK  f  •ctory.    Noteworthy  Is  the 
foundcition  cons'rucnor]  for  hrlck-flrlng  furnncPE.  Although 
built  in  the  1930'f. ,  r.o  d.-forrn.Uion-'^  h.ivi^  hr-i-n  rjot.-d. 

rig.  6  shows  thi-  ii.-Mgii  ol  p:\<_-  fe^undatiotis  lor  ligfit  build- 
ings with  Internal  tcmpcraluic  conditions  favorable  for  pre- 
servino  the  frczer.  stiT.c-.    In  this  design,  rpinforcod ■  concrete 
piles  support  thi:"  rinldii.j  ,1"",  w.'ll  of.  thi'  s u pi-ni2i>a  w<!li 
panels.    An  cxomple  ol  the  structure  of  a  main  stepdown 
power  substation  on  piles  frozen  Into  the  soil  is  shown  In 
rig.  7.    The  structure  was  built  In  a  mountain  area,  on  a  site 
formi'd  of  broken  rocks  with  ice  laminae. 

Completely  prefabrlcateil  industrial  buildirvgs  ol  various 
designs  arc  bocoming  more  and  more  widospraad.   Tig.  8 
shows  the  design  oi  a  pile  foundation  for  the  most  popular 
Mrl«s  of  large  lnmml»M  pftMl  liouse.<!  with  load-brailng 
owMr  walls.  PiIm  m  amiiBad  under  bearirx)  transverse 
walls—flvs  pilaa  in  om  tnnavwM  row. 

Distance  between  transversa  lOwa  Is  2.6  to  3.2  m.  Ihe 
load  supported  by  the  piles  In  this  arra»Bement  is  40  to  SO 
tons.  For  a  S-stoiy  housa  with  90  apaitimnu.  13S  pUas  are 
nqulMd.  An  erlfinal  dasign  tor  utilities  pravlded  for  a 
ventilated  aubstiuctufe  and  watafpnofl&v  measures.  Such 
buildlnpe  have  been  erected  In  Norll'sk  since  1962  without 
piDbleine. 

rig.  9  tibemM  the  design  el  a  square  deuUa-T  pile  used  in 
the  town  of  N0ill*ak.  Using  tliase  instead  of  eyllndrlcal  aolid 
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piles  lowers  costs  .ind  permitB  vibration  of  the  backfill,  thus 
lr>creciMing  th>!  Ix'.-iring  copjci'.y  of  the  plies. 

Pilr  lounci.3tlons,  OS  thu  most  effective  typo  Ol  foundation 
on  (  orrralrost ,  require  special  attention  from  Investigators 
or.d  engineers— especialiy,  because  of  the  many  unsolved 
and  disputable  problems  ir  this  field.   Ilw  feUOWrlng  afB 

appropriate  areas  (or  discussion: 

(a)  Ihe  most  effective  aieiiieda  end  eteaa  of  application 
of  |Mle  drlvlno  in  pennailcoet  aolle  under  dlffamm  aail 
conditions: 

(b)  best  types  of  piles; 

(d  methods  for  calculating  bearing  capacity  of  piles 
and  allowing  for  teinperatura  conditions  of  frosan  soils; 

(d)  values  of  design  characteristics  of  soil  resistance 
alorvg  the  lateral  surf  icf  of  the  pile  .ind  under  Its  tip."  and 

(c)  experimental  data  on  txiaring  capacity  ol  the  pile, 
rciDtior.ship  between  the  loads  acting  on  the  latanl  surface 
of  a  pile,  and  its  tip. 
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SESSION  X 
CLOSING  SESSION 


MODERATORS'  REPORT 


NORMAN  W.  RADFORIH -Soils  and  Vegeutlon-f  apart  contrib- 
uted for  this  session  were  valuabi*  not  onlybocaun  of 
reasons  Inherent  to  the  subject  thoy  oxploitad— but  because 
thoy  also  alforded  background  for  integrating  understanding  of 
our  mibleet     a  whole. 

A  aurwey  of  papers  and  dlscusalons  offered  in  Section  2a 
reveals  little  direct  evidence  Cor  snawerlng  two  major  ques- 
tions of  interest  to  the  oonference  as  a  whole,  nanaly:  Whara 
praeisely  is  the  aouthMn  limit  of  permafrost?  And  how  deaa 
eiM  detannitta  whao  to  aitpaet  paniafiost  7 

There  was  a  singla  daJba  tliat  an  oigmeia  tanala  tho  appaar- 
ance  of  Uchenaceoua  oo¥W  on  toiith-lo-Mitli  tsavaraea  ootn- 
cidet  with  inddanra  of  panMfieati  Than  wai*  two  elhar 
qualUlad  eiaima  for  neoanltlon  of  ehanetartatle  ehamaa  in 
vagMBtim  anpartucad  aa  ona  awvnd  awaiy  ten  alaanl  or 
erganie  tamin  undarlain  by  pamafioat,  and  in  one  caae  poly- 
plaidy  ta  tbouBht  to  eeew  with  Mghar  Ineldanea  what*  thai* 
U  pamM&ott.  It  would  aeam  that  thaaa  obaaivallou  algntfy 
woikjjig  hypethoaaa  wocth  amphaaliliig  fer  (utwa  oxvlentlen. 

lb  aaalat  la  awaliMtlna  tlM  ooBMbutloaa,  tha  papara  waw 
aagtagatad  and  dlacuaaad  far  oonvanlanco  under  thra*  haad^ 
inga:  (*}  SoUa.  Ui  pannaftoat  countiy;  M  vagatatton  In 
ralatlon  to  iotia,  la  panaatoat  eountnrl  and  (d  vagatatlon 
la  poi'iaafcoat  countiy* 

Mologleal  pieeaaaaa  and  dynanlca  avidantly  hold  proolaa 
far  ooMilhuUaB  •  naw  baala  of  undaratandlng  in  pwwalrost 
ralatlana.  Tha  naebaalea  ^  awfaoa-aalt  aeeumuiatioa  wMi 
upwaid  aovwaaat  of  walar  and  Aa  aaaeetatton  of  thla  with 
othar  fadora  dallnaataa  avelunen  In  aoUa  and  abowa  pcoatlaa 
of  application.  The  association  of  aoll  aalMlty  nlatlona  with 
the  active  bost  is  suggested  aa  a  faasia  for  useful  flald  eom- 
parisons  and  determination  of  site  history.  At  our  present 
state  of  kiK>wledge.  soil  genesis  in  peneafrost  country  as 
ralatad  to  peculiar  geomorphlc  condltlona  offara  a  aiedium  of 
understanding  as  attractive  aa  that  gained  by  coftelatlng  plant 
oommuniues  with  aoll  typaa.  and  can  even  ba  used  where  ao 
plants  occur. 

Thiuo  are.  on  the  other  hand,  more  than  mere  suggestions 
ol  interrelationship  between  vegetation  and  permafrost  soli. 

Occupancy  f>!  terrain  by  vegetation  is  slijnllic^int  ir.  >r.!l':onc- 
Ing  the  heat  and  water  relations  of  the  soil,  and  when  soil 
temperatures  are  depressed  as  an  annual  mean  to  Just  below 
0°C,  vegetal  cover  is  thought  to  exercise  control  on  perma- 
frost developrr.ent  and  endurance.  Also,  sensing  device* 

brirtg  new  pru.-r.Lse  of  revealing  differentials  in  soU-water 

regime  once  correctlOM  am  flMdO  fOT  Ibe  effeM  Of  Vegetal 

cover  dlficrcr.ces . 

Where  our  contributions  relate  prlciaiily  :    vegetation  in 
permafrost  country,  trequently ,,  occruiience  q!  visgetal  phe- 
r\-jrrAir.a  associates  with  patterned  ground.   The  nor.sorted 
nets  of  Washburn  have  been  reldentified  and  evaluated  on  an 
ontogenetic  basis.  The  vegetation  which  is  associated  with 
them,  and  particularly  as  a  constituent  of  vegetation,  willows, 
has  been  effectively  used  to  arrange  the  geomorphlc  procaaa 
of  hummock  formation  on  a  raeasureable  time  axis. 

Three  authors  recognize  hummocks  of  two  shapes;  one  type 
has  nearly  vertical  sides,  the  other  has  sloping  sides.  The 
oonCwenoe  hea  efforded  opportunity  for  these  authora  toievlaw 
the  geonorphle  end  vegetal  feetuiea  of  the  phenoawna  and  to 
airtva  at  a  loint  undaralaadlag  of  probable  origin  and  of 
nonenelature  for  these  fsaturea. 

lb  all  cases  the  ontogeny  of  the  configuration,  biologically 
eiqraased,  oonelaies  with  water  reletlons  hi  the  landscape, 
b  aoHW  instances  the  atudles  suggested  preaence  of  time 
•tiaouaiad  and  apeoiallaed,  though  unlveraatly  appUeabto, 
erealonal  eflaote.  In  ether  Inataneea  the  unite  aieae  amid 


biological  response  to  deposition  of  either  mineral  tnoraraent 
(loess)  or  orgenlc  matter  contributed  In  situ.  Catenae  may 
exist  between  them . 

The  segregation  of  plant  life  both  from  a  species  and  growth 
form  aspect  is  in  accord  wldi  physiographic  delineation,  but 
despite  thU,  moat  plant  typaa  la  the  high  arctic  ehow  wide 
adaptablUty  to  site  faotora  whan  gaomcrphlo  feciora  ara  not 
lloOtlng. 

vniara  ahallow  peat  la  fotmbig,  aagiogatloa  ta  BMre  narhed, 
aad  the  abruetufe  of  tha  peaty  depeeltlon  rarely  diowa  ebanga 
m  the  euooeaelon. 

MlcroiopograpUc  teaturas  of  blgh^aietle  young^tgaalc  ter- 
rain qulofc^  develop  ead  maemble  Omae  of  oUar  aad  deeper 
orgaalo  ovecbuiden  efaeraeterteing  the  anro  aouthem  acpaaeea 
of  pemafroat  ooaalry,  a  oboumetanoe  that  la  dlaeamable  evan 
through  aarlal  bMpeetton  by  rafaianoe  to  patlame. 

By  reaeon  of  ttM  aeveral  mattnra  eeqiliealaed,  aad  la  aone 
oaeee  oolIaied«  progreaa  ta  In  evldenoa  for  our  eectlon  aad 
potata  to  new  prtnelplea  end  excithtg  aewtoplos  for  ponaafroet 
reaearcb.  Better  uaderstandlng  of  the  Infhieaoe  of  vegoMtlon 
la  a  pamafroet  anviienneat  on  both  mineral  and  ergaalo  terrain 
baa  Iwootfbtgalni  but  U  baa  alao  oavtlenad  ua  on  ibe  dangara 
aad  tMrleaotee  tavelved  la  neaaureaant  ef  vegetal  aUaela. 
Wo  aio  BOW  aaaMiwtaat  wlaor  en  tfw  aubjeet  of  where,  when, 
aad  how  to  meaame  tat  comparative  studies  on  beat-water 
relations. 

In  light  of  anticipated  resolutions  of  the  oonference  as  a 

whole,  the  section  does  not  wish  to  sponsor  proposals  of  its 
own  save  In  one  Instance.  We  recommend  that  the  next  con- 

u  rrru  II  l.r  held  in  p'ernicifrost  country.   There  may  be  other 
matters  which  our  participants  will  wish  to  submit  to  an 

enattlag  oonference  ooanBlttae  If  aad  when  dtla  la  eatabttiihed. 

APPENDIX 

Sslli 

Tedrew  wee  eaked  to  toltlate  dieeoeeion  of  tfnoe  pepara  oon* 
earned  wMi  aolU  (Tedrow,  UgoUal,  O'SulUvaa).  He  did  tbia 
firet  by  relsing  the  queatton  of  oonelatton  of  plant  eonuaunl- 
tlee  wtOi  aoll  types .  Vbli  lad  hta  to  tbm  baale  pcoblen  ef 
soil  geaeeU  la  the  Arotie«  aa  It  la  oaodttloaad  by  geoBotpble 
proeaaaea  aaeeelatad  vHth  the  eoU  climate. 

Cameron  asked  Tedrow  to  elaborate  on  the  dating  of  the 
subsurface  peat  layer  found  In  the  Alaska  soils .  Tedrow  said 
It  was  widespread  In  Arctic  Ncrth  Ameriee  end  also  occurs  In 
Northern  SU>eria.  In  Alaska  it  is  found  In  the  foothills  of  the 
north  slope  o(  the  Brooks  Range  and  also  on  the  arcuc  coastal 
plain.  He  does  not  know  its  origin  in  detail.  Pollen  in  it 
suggests  a  vegetation  not  much  different  from  that  of  today. 
He  thinks  it  indicates  a  former  deeper  thaw,  and  therefore  a 
somewhat  warmer  ollMie.  Cafboa-14  glvee  detaa  of  SOOO  to 
10,000  years- 

Raap  asked  O'SulUvan  whe'Jier  the  deep  leaching  of  some 
deposits  near  the  .5rctlc  shore  that  had  been  formerly  impreg- 
naled  with  sea  water  could  bo  dated.   O'SulUvan  was  moat 
hesitant  to  conunit  himself,  but  finally  ca.Tie  up  with  a 
"BMybe"  date  of  lO.OOO  years. 

Brawa  ralaed  the  question  of  'values*  for  vegetative  oover, 
10  be  need  In  deeltng  with  ftoat  problema  tai  the  aoll.  Nodilag 
■a ewe  to  have  come  of  this  question. 

Vgolinl  spoke  of  working  In  a  region  with  essentially  no 
vagetetton.  About  the  only  oigenlc  eocumulatlons  are  local 
onea  of  guaao,  the  algalfleanoe  ef  which,  for  datbig.  be  baa 
not  ebidlad. 

Aaaur  aald  be  doubled  dtat  Tedrow  waa  right  about  the  oil- 
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mati;  bo:ng  d;l!cront  when  the  peac  wah  .Hcrutr.u  1j tt.-d .  Tedrow 
said  thai  there  was  evidence  of  (rosi  dCtion  In  the  peat,  and 
that  tho  oryan:c  materMl  was  always  eCMWMd  by  An  ovarllUldan 
of  some  kind  of  tnofganic  material. 

Hopkir.s  mentioned  cj'icxj  datj  ho  jnd  athers  have  fiuni  the 
S«waxd  Peninsula  showing  that  the  period  ol  deep  lhaw  was 
talWMfi  10.000  Mid  7$00  yrari  ago. 

Bennlaobaiff  Ulktd  on  tho  Influonoe  of  the  formi  of  plants  on 
dia  nalim  of  Iha  vtgoiatlon  and  In  turn  upon  boat  action  and 
panutoat.  h«  asked  Brown  lo  ooBuaant  on  hlj  atudtea  of  tha 
affaeta  of  dUferlnq  forms . 

Brawn  than  commented  briefly  on  relatlv>  n  i  ].    tivity  of 
lichens  versus  mosses  versus  hprbflceous  i^ar.ts.   He  also 
noted  the  'spruce  iaisndy"    n  'hi;  Fiudson  Bay  Lowla.-ids , 
saying  they  are  undorljln  by  r^rmafrcst.  as  Are  also  muskegs 
tn  the  northern  prairie  provinces. 

Radtcrth  n:!;<^:l  !h.i;  Imr  waii  found  In  peat  in  central  Ontario. 

Beschel  jj-n-d  Bennlnghoff  about  methods  o(  moas-jrlng  hoat 
transfer  in  vegetative  cover,  and  said  that  he  considered  water 
conifMit  an  ail- important  factor.  Bennlnghoff  ojthned  a  possi- 
ble system  of  Instrumentation .  or  perhaps  research  for 
instrumentation . 

Beschel  said  that  he  differed  with  Radforth  in  that  he  found 
no  peat  humtnocks  In  Axel  Helberg  (high  arctic)  and  that  be 
ditforad  with  Raup  in  finding  no  hummocks  of  the  kind  the 
lattar  described.   Beschel  and  Raup  went  over  their  hummock 
data  together.  It  Is  obvious,  and  agreed,  that  Beschel  did  not 
sae  Raup's  'turf*  hummocks  In  Axel  Helberg .  Raup  saw  aoaw 
of  his  kind  at  Masiersvlg,  but  most  of  them  he  did  not  aaa. 
Basdial  agrees  that  Raup's  sequence  is  valid  but  thinks  his 
tiaia  spaas  stay  be  longar.  Basohal's  hununock  Intarprstatlons 
at  Anal  Halbarg  appear  raaaonabia  In  Roup's  vlaw. 

From  a  coaparlaon  of  photographs,  Radforth  and  Besehal 
later  agreed  that  mound-shaped  configurations  of  organic 
matter  do  occur  on  EUsmere  Island  but  liia  SMund  oonftgura- 
ttons  of  Beschel  are  not  necessarily  ganatlcaUy  the  same  as 

those  of  Radforth,  especially  In  that  those  of  Beschel  may 
arise  on  steep  slopes  whereas  those  reported  by  Radforth  do 

not. 

Radforth  is  of  the  opinion  that  t.Tc  n  Mjndim  he  has  observed 
In  very  shallow  organic  terrain  ii.  •■i-  h;  :h  arctic  may  be  sim- 
ilarly constituted  to  that  experienced  tjy  Raup  f.uu  f  n:a.-.y 
itintain  willfiws,  are  m  areas  of  changing  wate.'  ruglme,  and 
ore  :>1  ihc  appruprlale  shape  and  size.   Raup  concurs  with 
some  of  tne  reasoning  but  has  some  reservations  because  bla 

configurations  may  have  mineral  soil  cores  and  eventually 
dagaaaraia  with  tina. 

TROY  L.  PEWE  and  TRITZ  MULLER— V.aiaive  Grcund  loa  In 
Permafrost— Massive  ground  Ico  bodies  n::t  r.nly  c<.mslltule 
Interestlrvg  phenomena  In  permafrost  but  nave  du-oc!  imfc<r;anco 
In  engineering  constructlor.  ir.  tho  polar  latitudes.  These  large 
ground  h  <r  n.a',ai'i.  sorin!  t!xti?r'.cj::.g  as  irjjch  as  a  kilomotor, 
are  ol  concxovurs la  1  origin  and  are  rosponslblo  for  seme  of  the 
awst  striking  micro-  and  meso-rellef  forms  In  the  arcUc  terrain. 

Slight  changes  In  climatic  conditions  or  Interference  by  man 
In  the  thermal  regime  of  the  ground  can  cause  extensive  and 
spectacular  deformation  of  engineering  efforts.  The  Interpra- 
lation  of  many  sur'aco  forms  In  now  temperate  laUtudes  as 
glacial  dead  loe  holes  or  as  fossil  lce-wedgas«  atc.«  will 
have  to  be  reaxaminad  In  light  of  accompltahad  and  prapoaad 
research  on  existing  massive  ground  too. 

TERMINOLOGY  AND  CLASSIFICATION 

Schumakly  and  Vtyurln  [1]  present  a  elaaaltieatlon  taaaad  on 
ganotlc  priaciplas.  Unfortunalaly  tho  crlglna  of  many  ground 
ice  masaas  are  not  yet  well  anoiigh  known  lo  plaeo  than  to 
such  a  olasalfteatlon.  Than  la  an  laiaiadlata  noad  for  awra 
datailad  knowladga  of  tha  physical  prapartlsa  and  atraotuinl 
paeuUartUas  of  tha  various  typos  of  anaalva  ground  too,  as 
«raU  as  oliaiattc  eeodttlens  undar  which  tfaay  «»w.  For  lha 
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time  being  (and  as  a  slop  toward  a  final  answer)  a  descriptive 
terminology  and  classification  on  the  basts  of  physical  and 
chemical  properties  la  desirable. 

At  prasant  two  types  of  massive  ground  ice  can  be  distin- 
guished: (1)  Plnoo  ice— characterized  by  translucent,  large 
sUa.  simple-shaped  crystals  and  by  the  occasional  scarcity 
or  Btora  often  the  complete  absence  of  intamal  structures. 
(2)  loa^wadoe  loe— consisting  of  small-size  crystals  and 
showing  distinct  vertical  to  inclined  foliation.  A  consldarabln 
amount  of  mineral  and  organic  owtarlal  la  allgnad  with  tha 

{ohation  . 

So  for  all  other  varlatlaa  of  naaalva  ground  loa  aiiUBt.ba 
hiaped  together  witt  only  tha  coatainty  that  diara  ara  aora 
typaa  to  ha  disttnguishod  whan  nora  cosipJata  daserlptiona 
and  quantitative  dau  ara  avallabla.  Tha  possibla  Tabor  loa 
la  to  dils  graup.  Tha  dilek  tabular  ahnata  of  ground  tea  diar> 
aotariiad  by  horlaontal  layering  with  frawaat  diity  loa  layara 
roported  ham  the  Hacketisia  Delta,  nerthaaat  Greenland,  and 
various  places  to  SIborta  aiay  be  another  diatlnet  ^pa . 

PInaos 

The  Intrapi  r  H  I  I-     t.  i  -i--rorerl  hills  referred  to  as  pingos  [2] 
or  bulgun.niokhi ,  are  distinctly  different  from  seasonal  frost 
mounds,  mud  volcanoes,  peat  hummocks,  wlntcr-lce  blisters 
In  the  active  layer  or  in  the  ice  cover  ol  rivers  and  lakes.  So 
far  two  ty{>«i;  of  pingos  have  been  distinguished:  Closed 
system,  Mackenzie  type,  and  open  system,  East  Greenland 
type  [3] .   Papers  at  this  conference  do  not  contribute  new 
knowledge  of  the  physical  properties  of  plngo  ice  or  the 
methods  of  Us  formation.  They  are,  however,  a  valuable 
addition  to  Information  on  tha  distribution  of  plltgos  in  North 
America,  and  on  their  age. 

Holmes.  Hopkins,  and  Foster  £l]  have  reported  tho  dis- 
covery of  hundreds  of  opon-ayatom  pingoa  to  dw  unglaetolad 
iniarlor  of  Alaska,  In  areas  where  penaailroat  la  dlseoatlnttOtta. 
A  few  new  findings  of  plngoa  to  Canada,  largely  to  the  nowly 
built  land  at  the  mouth  of  tha  Maekansto  Mvar,  have  bean 
dascrlbad  by  Maokay  [Ij.  Thaaa  am  of  the  eloaad-sysien 
type. 

There  la  still  a  surprising  wetxcttr  of  ptaBO  rsoonts  for  dw 
Canadian  Shield  and  for  aioet  of  the  Canadian  Arohlpalago. 
One  open-system  plngo  w«a  reporled  to  the  Thalon  VaUay  by 
Craig  [4]  and  ooa  plngo  of  oacb  type  waa  fiound  on  Anal 
Halberq  latond  (OCH,  OlfW)  by  MVIler  [S]. 

The  preaant  distribution  pattom  eaggaala  that  opan-ayatoB 
ptogoa  OGour  predeaunaatly  to  Mia  mounulnoua  or  hlUy  araaa 
of  tha  dlaoonttououa  pamaftoat  leaa.  Closed-aystem  plngoa 
are  found  alanat  anolualvaly  to  areas  of  continuous  perma- 
frost CS],  generally  to  lowlands  with  thick  alluvial  deposita. 
do  far  no  plngoa  have  been  reported  for  certain  Urge  areas 
where  oondlHons  would  appear  to  be  favorable  for  thoir  devei- 
Opawnt.  More  aurvays  of  these  areas  may  bring  some  tc  light. 

Holmes,  Hopkins,  and  Foster  [  I J  have  err^phasized  that  the 
formation  of  existing  pingos  cannut  t>c  related  to  any  single 
climatic  period,  but  rathor  it  seems  that  they  have  formed 
throughout  postglacial  times  and,  in  unglaciated  areas,  even 
during  Pleialooana  time . 

Ice-Wadoaa 

Tha  major  dlaeuaaloa  oanoaralng  loe-^wedoaa  durtog  tha  past 
eentury  haa  bean  on  their  orlgto.  Ttaara  la  now  absost  unlvar- 
aal  agreaiMnt  to  support  of  dw  diamal-cooirBetlon  oradt 
Owory  In  general,  although  dtftatenoes  of  opinion  etlU  axtot 
on  aavanl  datatla.  Tabar's      hypotbasls  for  lha  wwih  of 
leaHMdffaa  la  no  tongar  lenabta.  and  Schank  [1]  to  stitt  aup- 
perttog  It  has  failed  lo  take  toto  oonsldaratton  tha  mora  locont 
prograss  to  dila  ftoM. 

Although  tha  thenial-eontnotlon  crack  thaoiy  of  origin  of 
loe-wodgas  is  more  than  60  years  eld,  only  racanUy  has  da- 
tailad eeittldaration  baon  glvan  to  the  meehanlcs  of  cracking, 
laehaafatucb  ll]  of  dw  Vmtad  ftataa.  and  Doatovaiov  [  i  ]  of 
die  Soviet  Union,  bodi  are  acttya  In  Ihla  field  but  their 
approaches  to  the  probtom  differ. 

BeUi  of  dwir  papers  aaiptoln  awny  ebaraotartotlcs  of  loa- 
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wedge  polygons  by  .Tiathematlcal  analyses  of  the  tlit'j  .i.n.  con- 
traction that  causes  them.    Lachenbruch's  pflpftr  .-ihuws  that  a 
nonlinear  relationship  bt-twt-on  stf'-jj  nvJ  strain  Is  the  more 
probable  lor  Irctjucncy  of  cracking  than  the  elastic  relationship 
assumed  by  Dostovalov.    Lacnenaruch  also  shows  that  the 
orthogonality  of  the  crack  tntersecttonx  can  bu  [jroducud  by  the 
unrelieved  stress  remaining  after  an  li^itiol  crack  Is  lormed  and 
dO*s  not  require  that  the  temperature  field  be  distorted  by 
OOBwectlon  within  the  initial  crack  as  Dostovalov  has  proposed. 

Investigations  of  the  physical  properties  of  io«-w*dg«s 
have  t>eon  initiated.  Petrofabrlcs  of  Ice-wedges  have  been 
made  In  Alaska,  Greenland,  and  Russia,  but  tnost  of  the 
material  is  not  yet  published. 

Geocbeoiicat  analysis  of  Ice-wedges  and  associated  sedl- 
mants  appears  to  be  orve  of  the  most  fruitful  lines  of  Investl- 
tioo  la  which  only  a  beginning  has  been  made.  Brawn's  [1] 
noMit  wwk  m  A*  dwrntstry  of  loe-^vadget  «nd  stwotoMd 
aadlnwnu  dMsontlralet  that  the  ohenletl  rafUw  of  loe- 
wedgM  oUm  •  polMittal  lod  far  ftuthar  ttutfy  of  the  eonploit 
mchuUw  of  wertpa  iro  yewth. 

Iho  fIrU  npart  of  ftle  work  ehosra  that  Ow  Ionic  conwnt  of 
the  Ice  and  residua  in  the  wedge  la  not  closely  related  to  that 
of  ih«  adjaeant  ladbaanta.  It  Is  fait  that  aadJmaat  raaidua  in 
(ha  leaHwadgaa  waa  to  part  laoerperaiad  through  tfio  tldaa  of 
(ho  wadgaa .  0*SttlllMWi*a  [1]  work  in  tha  gaoefaaailatry  of 
aoila  naar  Point  Banow  oonplaoMnta  that  of  ■torn  Cl] . 

AUhoagh  tho  wUaapraad  diatrOiutlon  of  too  wedges  la  Nortti 
Amarlca  ta  kno«m«  no  dataitod  «r  awan  Moonnalaaanoa  dlaM- 
button  laap  la  avallabla.  Tha  flrat  step  towranl  thla  and  haa 
baan  nada  by  Mwd  [1]  la  grouping  ica-wodgaa  la  Alaaka  hilo 
gaographloal  areas  aeeordlng  to  ihalr  dagraa  of  aottvlty— 
Mttva^  growing ,  dornant,  or  InaetiM. 

Aetivo  ioa-wedges  appear  10  bo  alaoat  ontlnly  Itaitad  to 
the  continuous  permafrost  area,  and  Inactive  wadgaa.  to  dia 
discontinuous  permafrost  area.  From  the  now  known  fmcta  of 
distribution  a  is  ovidoni  that  some  of  the  climatic  paranatari 
for  Ice-wedge  growth  can  be  deduced.  In  the  area  of  active 
lee-wedges  the  mean  annual  air  tetr.perature  ranges  from  about 
-6*  to  -8°C,  at  the  soiithuin  lln-.it  in  at  lea^a  -ll'C  In  northern 
Alaska.   Tho  rninlmum  winter  temperature  at  Ihc  top  of  the  per- 
mafrost (top  of  the  ice -wedge)  lor  the  same  area  is  -15°C  in 
the  sc-ith  .-Hid  at  least  -30°C  In  the  north.   Inactive  ice- 
wedges  In  central  Alaska  evidently  originated  during  a  colder 
period  than  the  present  one,  possibly  durincj  tho  layt  lev  ayr  . 

An  Interesting  extension  of  this  reasoning  night  suggc-j; 
that  the  distribution  of  ice-wedges  m  Car.ada  would  be  differ- 
ent from  that  in  unglaclated  ,\laska  si.ice  most  ot  the  p-errr.a- 
trost  areas  ijf  Canada  wen;  covered  by  glarlal  ice  at  the  time 

when  the  climate  was  rigorous  enough  (or  ice-wedges  to  form. 
Other  Massive  ice  Types 

large  awsaoa  of  too  ocoiv  In  die  psnaafroat.  ethar  than  thoaa 
bt  plngoa.  wadgaa,  or  burlad  loa ,  and  an  only  now  boglaning 
to  bo  bivosttgatad.  large  hortaontal  bmsbbs  of  ralativaly 
elaar  loa  up  to  1  kn  long  and  8  n  hi  tttlcknasa  ara  known  from 
dw  Uackonsle  Delta.  Howavar,  their  origin,  ago,  and  phys- 
ical propertlea  have  not  yet  baan  datannlnad.  Cava  and  abaft 
f llltaigs  in  pemaftoat  ara  alao  known  but  have  not  yet  been 
studied  in  detail. 

Ftolure  Research  on  Massive  Ground  Ice 

>Ua  and  shape  -Although  tha  dimensions  and  configurations  of 
Ice  wedges  In  oentaral  Alaaka  oxpoaad  during  mining  investi- 
gations are  well^enown,  exact  measurements  of  massive  Ice 
bodies  elsewhere  are  little  known  as  exposures  are  generally 
limited  to  eea  and  river  banks.  Close-net  gravity  and  gaodatie 
resistivity  Investigations  together  with  short -distance  seismic 
aappfaig  and  drilltog  should  bo  undariakan  on  awaaivo  ^ound 
ieo  in  the  Arctic  and  Aataretle.  Photogramawttlc  aurvaya  ara 
auggaatad  where  thna^lsMHialanal  axpeaurea  ara  avallabla . 

Thenaal.  ehemteal.  and  ahveloal  ■oeertlee-Jeriiaiie  the 
graataat  praaant  naad  la  tha  study  of  maaaiva  ground  loa  la  for 
quaatitativo  tefocmattaa  on  Ifaa  loo  bodiaa  and  tha  loa  Itaalt. 


Gcochemlcal  analyses  of  all  types  of  massive  ice  are 
needed,  not  only  of  vortlcaHy  selected  samples  but  also  of 
samples  taken  horizontally  j-d  i:.  tne  third  dimension.  As 
suggested  by  Schcnk,  the  wedge  ice  snould  be  analyzed  (or 
radioactive  olcmcnts  released  durir.g  the  last  IB  years.  Radio- 
active tracers  can  oe  put  into  surface  water  and  snow  and  later 
located  in  the  new  Ice-wedge  growth. 

Tha  composition  and  pressure  of  the  gas  In  air  bubbles  in 
ground  ice  should  be  investigated  as  a  possible  means  of 
shedding  light  on  Its  origin  and  history.  Information  should 
also  be  collected  on  bubble  size,  shape,  and  distribution. 

The  study  of  the  geophysical  properties  of  massive  ground 
ice  may  be  stgaif leant  In  an  evaluation  of  the  Ice.  For  exam- 
ple, resistivity  seems  to  give  Information  on  the  amouat  of 
metamorphism  the  ice  has  undergone ,  although  SUCh  lavas- 
tlgations  are  only  in  their  beginning  phases. 

A  Airltoar  oonoeniratad  applieatien  of  petrofabrlcs  to  all 
typaa  of  masaivo  ground  ioa  is  naadad.  So  fsr  no  detailed 
work  haa  boan  dona  in  thsnaal  atudtea  en  aiaaalwa  loa. 

Tbaaa  euggeslod  atudtea  ahould  ba  uadstlakon  wtOi  a  apa- 
dflc  obloettwa  In  ndnd,  aa  for  aaiaaiplo!  (a)  Oonparlson  of 
piopatttea  batwoan  iaiga  and  anall  plagoa.  01  eoaipartson  of 
plage  tea  ften  tha  dlffaranl  gaognphleal  araaa  la  which  it 
oeeura.  (d  eeaipailaon  of  iea  ftem  eld  and  young  and  aetlvo 
and  inaetiwa  awaaltro  lea  bodiaa,  and  M  eeapailaen  of  awe- 
alva  gnwad  loa  ftooi  dlffarent  climatic  and  ground  onvlionaiant* 

An  oaaontial  mosaquialta  for  all  such  atudlaa  la  dialrllM- 
tfam  Mpptng  of  anaalva  grouad  oecumaeaa  la  all  Itt  loaia. 

In  addition  to  laboratoiy  axpailnanta.  it  would  ba  adwisabla 
to  conduct  field  experiments.  FOr  axaaiplo.  It  haa  baan  aug- 
goBlad  that  a  pingo  be  grown  under  natural  oondMona  by 
dratnlap  a  lake  and  thus  allowing  the  permafiost  to  invade. 

An  aoeureta  and  increasingly  elaborate  terminology  and 
classification  will  piogresslvaly  dovolop  panlM  witii  tha 
above  outlined  raaaaroh. 
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D.  M.  HOPKINS  and  JOHN  F'l'LES-Geomorphology  I-Attenllon 
was  directed  to  topics  of  permafrost  distribution,  painsfiuat 
age,  and  modification  of  landscapes  by  permafrost. 

The  distribution  of  permafrost  was  discussed  mainly  from 
the  point  o<  view  of  map  representation.  The  Permafrost  Map 
of  Alaska,  prapand  by  Oscar  Ferrains  of  the  United  States 
Geological  Sureay,  and  on  display  at  this  conference,  has 
abandoned  the  categories  of  sporadic,  discontinuous ,  and 
continuous  permafrost  in  favor  of  a  more  elaborate  classlil- 
cation  involving  several  categories  of  extent  and  thickness 
Of  peimafrost  and  nature  of  frosan  mataclal  in  mountain,  low- 
land, and  hilly  areaa.  This  kind  of  map  pasaanutlon  was 
eooHBandad  by  several  participants. 

On  the  elhar  hand,  the  continuing  compilation  of  the 
pafmataesi  imp  of  Canada  by  k-  !•  E.  Biown,  NaUonal 
Raaaaieh  Oouaeil  of  Canada,  enpieya  the  conoapts  of  oon- 
tlnuoua  and  dlacontlnnoua  pamaftest  lonaa  aa  an  offactive 
repraaantatlon  of  infonaatlen  at  hand,  partleulariy  In  (he  low- 
rallef  continental  lalailQr.  finaMMtnla  wisa  made  on  ihe  waad 
for  and  dM  dlffteuttlea  lahanat  in  •atabUahlng  a  unlflad 
achama  for  laapplBg  paimafkost  and  on  the  neilla  of  complex, 
muUipuipoae  penaafiost  maps.  These  are  pioduced  in  (he 
Soviet  VnloB  as  a  aailea  of  sepaiale  siapa  ahowing  different 
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facet*  of  the  aul4«et«  InHrn  rMnankad  that  the  southern 
fringe  of  pMnaimtt  as  tfhown  on  CanwUaa  ib«pb,  perslat- 
Mitly  o(MM  ■eulhwwd  as  more  and  man  infMnatton 
BQenniulatM—dMiiOMtnung  the  presaiwa  of  Iwlatad  Miat 
of  frozen  ground  In  many  places  In  tka  praMa  pMMaeaa  and 
Just  north  of  the  Laurentian  scarp.  (These  unexpected 

SOuthi-rn  Ifn^e?;  of  p o rm n f rc s ".  also  st im jl jtod  discussion  in 
the  p  jr.eia  coricerned  -.vith  enyinconnt;  problons.)  Successive 
A)'-)3lcsn  permafrost  maps,  as  woU  as  construction  activities  in 
southern  Alaskft,  show  that  isolated  bodies  of  permafrost  are 
more  widespread  ih.»n  h.ics  been  supposed. 

Bararvov's  thooteUcal  paper  on  relationship.'!  between  per- 
mafrost conditions  and  a  complox  set  of  climatic  parameters 
emphasized  the  possible  effects  of  cold-air  drainage  upon  the 
locrtl  distribution  of  permafrost  In  protected  valleys  in  areas 
of  highly  continental  climate.    However,  Mel'mkov  stated 
that  pcmntrost  in  rr.ojnl.tin  ildges  is  commonly  nvice  as  thick 
as  permafrost  in  valley  bottoms  as  a  result  o!  good  7round- 
water  circulation  m  the  valloy  bottoms.    Both  absiirvotions 
emphasize  the  largely  unexplored  complexities  ol  permafrost 
distribution  m  regions  having  considerable  relief. 

Discussion  ol  the  age  of  permafrost  centered  around  a 
paper  by  Nichols  concerning  the  Recent  ogo  of  penr.afrost 
based  on  occurrences  In  thf  Copp<»r  River  Lowland  of  Alaska. 
Nichols  deduces  th.nt  prc-Ri-ccnt  permafrost  could  not  have 
survived  for  an  appreciable  length  of  time  beneath  thp  deep 
glacier-dammed  lake  that  formerly  existed  there  nor  Dcncath 
the  adjoining  areas  covon^d  by  gl.-icler  ice.    This  inference 
IS  confirmed  by  the  position  ot  tcdies  of  ground  ice  in  a 
sequence  of  enclosing  strata  whose  Recent  age  is  established 
by  radiocarbon  dates. 

Similar  inferences  concerning  the  age  of  permafrost  can  be 
drawn  (or  the  vast  areas  of  Canada  that  were  burled  beneath 
the  Laurentide  ice  and  that  are  now  underlaid  by  thick,  cold 
permafrost-   Pre- Recent  permafrost  and  ground  ice  is  to  be 
axpectad  only  in  a  few  restricted  areas,  principally  in  Yukon 
TanMory  and  in  parts  of  the  western  Arctic  Islands;  through- 
out thf^  rest  of  Canada,  permafrost  must  have  been  Initiated 
within  postglacial  time  (12,000  to  7000  years  ago,  depandlOQ 
upon  locality).   Permafrost  In  Lapland  also  roust  be  younger 
than  the  last  glacial  cycle,  because  It  is  developed,  among 
othar  plaeaSt  in  late-glacial  mocainas  and  glaelo- lacustrine 
dapoalta. 

WUIiamt  ttmsaad  tha  valua  of  knowing  tiia  actual  age  of 
bodtaa  of  pacnateai  and  gfound  lea,  but  anDhaitiad  tlia  da- 

alrabilUtr  of  baaing  oonduauma  oonoanitns  agaa  upon  oblaetlva 
data  Buch  aa  atralttgrapbte  ralatlonablpa  and  tadMeaitaon  datoa 
nthar  than  tipon  aaauMpttonc  «bOM  Conaar  oondltloaa. 

lha  bcoad  aubjaot  of  Jandaovpa  aedltleatlen  by  pamatnst 
«na  appfoadMd  from  aavani  dlraetlona  during  tha  latar  paA 
of  tha  laaalon. 

Beeaui*  pannafioat  la  daflnad  in  taraa  of  tiia  firaoslng 
point  of  wator,  knowiadga  of  (ha  dlatilbutlon,  novanam,  and 
ehaialatir  of  liquid  giound  watar  In  cold  raglona  la  aiaantlal 
ta  an  undaratandlng  of  panaafieat  Itaalf .  lha  papar  ot 
Wllilams  and  Waller  on  the  oecunvnca  of  ground  mmtm  in 
permafirost  regions  in  Alaska  provides  an  up-tO'data  sufliMiy 
presented  mainly  In  terms  of  the  geological  framework.  In 
contrast,  the  same  subject  ts  approached  from  the  point  of 
view  of  the  ground-water  flow  system  in  L.  V.  Brandon's 
discussion  (in  this  volume)  of  the  Williams  and  Waller  paper. 

Brandon  noti!s  that  permafrost  creates  impermeable  bound- 
aries within  the  groand-water  flow  network,  restricting  Infil- 
tration and  discharge  and  modifying  p.iths  of  flow.  Increase 
in  the  vi.iccsr.y  of  water  with  decrease  in  temperature  further 
restricts  flow  In  cold  regions.    Brandon  demonstrates  that  in 
the  Yukon  Territory  .^nd  Mackenzie  Valley,  where  little  direct 
information  is  available  from  wells  or  springs,  evidence  of 
ground-water  discharge  can  be  deduced  frox  the  base  flow  of 
rivers.  fro.Ti  salinity  studies  of  surface  w.itei ,  .-ind  from  the 
dlitrlhutlori  ot  saline  plants.    Brandon's  conclusion  that 
valleys  in  permafrost  regions,  as  in  temperate  regions,  are 
areas  of  effluent  seepage  carries  th'-  c:oro!lar/  that  recharge 
must  ta<e  place  ;n  higher  parts  of  the  Landscape.  Investiga- 
tions of  possible  avenues  of  recharge  in  areas  of  near-contin- 
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tioua  panaafmat  tmuM  appoar  to  ba  wcfthwhll*.  toaalbly 
aona  groundwatar  lacbaiva  la  obtained  ttaOHOh  tho  betlm 
maiung  of  gladara:  latOfUatlng  anoer  banka  on  aouAb-faelno 
slopes  (ccmmn  in  ft*  Antic  lalanda  and  la  paita  of  woatasn 
Alaaka)  may  alao  ba  undaiWB  by  dwwad  "hotea^*  in  fiosen 
ground  thiough  which  ndbaig*  la  aecompUahadi 

Mel'mkov  emphasized  the  importance  of  nsledy  (aufeld  in 
predicting  areas  of  ground-water  dlaehargai  Holmes,  Hopkins, 
and  Foster,  in  a  paper  delivered  to  tho  gioiiiMHaa  panali  bam 
suggested  that  open- system  pingoa  in  central  Marta  may 
pievlda  valuable  clues  to  areas  of  ground-water  dischai«e. 

The  high  incidence  of  saline  waters  in  permafrost  leglona 
suggests  that  the  explanation  should  be  sought  in  tema  of 
general  permafrost-water  interrelationships  rather  than  In 
specl.ll  loc.ll  historical  or  geological  conditions. 

Bird's  p.iper  on  lixestone  terrains  In  the  Arctic  provoked  a 
lively  discussion  of  the  many  peculiarities  that  result  from 
the  relatively  high  solubility  and  susceptibility  to  frost- 
shattenng  of  many  carbonate  rocks     t'.cr.'ln:: ing  opinions 
were  expressed  concerning  the  abun  ijnce  and  age  of  solution 
cavities  m  large  bodies  of  carbon;^te  rocks  in  permafrost 
regions.     Several  observations  indicate  that,  contrary  to 
Bird's  opinion,  large  solution  openings  exist,  transmit  water, 
arKl  are  probably  susceptible  to  continuirtg  enlargement  under 
present  permafrost  conditions.    Some  karst  features  in  western 
Alaska  can  be  shown  to  have  originated  during  middle  or  lata 
Pleistocene  time,  though  perhaps  durirtg  Interglacial  tntaivala 
«iphan  parmafroat  waa  leas  extensive  than  at  prsaant. 

■apld  waaAailng  of  UmostMio  aagmama  at  and  oaor  the 
praaant  auifaoe  waa  geneni^  aduiowladged,  but  tha  wlattv* 
impoftanea  of  fMat«ahattarlnR  and  aolutlon  In  thla  toaakdown 
was  debated.  Obviously,  boifa  BMta  Of  pfoeoaaM  piBCaad 
rapidly  In  Umastone  teirain,  and  thalT  eCtecta  era  anhanead 
by  froal-ehuinlng,  which  coattnuaUy  Mnga  new  paitfdea  to 
tha  surface. 

Areas  underlain  by  carbonate  rocks  In  Alaska  and  in  many 
other  parts  of  the  Arctic  commonly  stand  well  above  adjoining 
areas  underlain  by  other  rock  typaa  and  tha  carbonate  tocka 

make  solid  outcrops  much  more  commonly  then  do  othar  rock 
types.    Yet  carbonate  rocks  are  agreed  to  be  exceptionally 
sjsceptible  to  npid  frost- shattering ,  and  their  disintegra- 
tion products  appear  to  be  susceptible  to  especially  rapid 
mass  movements:  the  acknowledged  rapid  chemical  solution 
of  carbonate  rocks  at  the  surface  m  arctic  regions  hoightana 
the  paradox.    Research  could  well  be  directed  toward  a 
resolution  ol  those  apparently  conflicting  observations. 
Perhaps  tho  diffsrentiai  roliol  is  inherited  from  older  land- 
scapes formed  by  different  processes  or  in  a  different  cUmata» 
or  perhaps  the  apparent  rapid  denudation  Is  spurious- 
Walker  and  Aniboig  ecnlxlbulad  a  daaeiiptlao  of  the  paeull- 
ailtloa  of  rtv«r-baHk  aiMtca  In  paninnlaUy  flema  uncoaaeli- 
dalod  matwlala,  auppiementad  by  an  aMcallent  film  diesiattap 
Ing  tfw  davalopmeat  of  a  deep  thenaoaroeional  niche  undwcut 
In  the  banka  at  watar  level  dtnlflg  tioedt.  Film  and  paper 
lUuittmtad  tho  later  coUapae  of  giant  bloeka  of  ftaaen  ground 
boimded  by  tca*wodgea,  and  the  enanlng  laduetloo  of  dieao 
blocka  to  aubduad  mounda  of  dirt,  aoow  aiambara  of  die 
pattel  had  seen  similar  tharraoarosional  affects  developed  in 
frozen  co.ist.^l  bl.jffLi  during  and  after  heavy  storms.  WalVer 
and  Arnborj's  rep>ort  Is  one  part  of  their  extensive  study  of  the 
dynamics  of  the  Lower  CoIvlUe  River  in  arcti-  Al,; ska  — the 
first  study  of  its  kind  devoted  to  the  specLiJ  ch.u.iivterlstlcs  of 
arctic  striMi>:s.    '.'.'e  hope  that  their  studies  will  stlrr.ul.5te 
future  invK.-.tigrttions  ol  a  similar  type  in  other  large  and  small 
stream-;  in  permafrost  regions- 

Popov,  Kalchurlnl,  and  Grave  contributed  a  valuable  syn- 
thesis o:  the  distri tiuiion  of  various  forms  of  mlcrorellef  m 
permafrost  .ire.is  m  the  Soviet  Union.    Difficulty  expe-rlenced 
by  the  North  American  panel  members  m  reloting  features 
des<.-rlfc«.vl  by  Po[>ov  and  his  a»50cl.3tes  to  features  with  which 
they  arc  fsmlllliar.  points  up  the  inadequacies  of  word  deaCTlp* 
tions,  even  in  excellent  translations;  It  emphasizes  the 
serious  need  for  illustration?.  In  published  reports  find  for  joint 
Soviet-North  American  Held  correlation  trips  in  arctic  areas. 
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ALPHBD  WB»-O>BMBipli0togy  B^In  ttw  Bbaane*  of  ito 
nodwMor,  Uaeola  Wethbum.  a  abort  auaaaiy  oeaoanilnB 
papan  and  dlaouaaloni  abaut  naaa-waatlag  aad  pattamad 
gieuBd  ia  pcaaankad.  lha  Invaattgatton  o(  baih  pbanaoiana, 
wbldi  an  mlatad  ta  aaaional  or  patannlalty^osan  giound,  la 
ontailnB  a  naw  pliaae.  Maw  nathoda  of  ^uantttatlva  obaanra- 
tlona  aia  balno  uaad-aa  Indtcatad  by  mm  of  ifaa  papaia. 

Data  pnaantad  in  tha  papara  aiiow  that  na»a-iraattn0  and 
pattanad  giound  dapand  on  olimata  and  loeal  faelAra.  far 
aa  tha  ellaato  la  oonoatnad  fteata-thaw  eyoloa.  both  anmial 
and  abOTtHam.  am  lapoitant.  taut  opuilm  la  dtvldad  aa  to 
thalr  ralattva  taipananoa.  EicaBiplai  from  tto  Canadian  aietle 
and  f^tibaigan  tndloala  that  It  la  naoaaaafy  to  taka  Into 
aeoo«int  tha  oUaatle  dtffarancaa  axpvaaaod  fey  tha  nunbar  of 
fmaaa-thaw  eyelaa.  Thla  prablam  raviiioa  fivthar  eatatul 
obiervatlons. 

In  the  papers  and  dlseuaalOM  mu^  atlanllon  waa  paid  to 

sorting  processes  and  to  local  factors  and  tbair  aignifleaneo 
in  the  development  o(  pattamad  ground,  lha  hydfOlogioaJ 
factors  play  a  particularly  important  role.  The  gemral 
opinion  was  that  these  formi  and  ttructuras  developed  rapidly 
in  f^ivordble  eRwlianmanlal  oondltlona«  both  In  tha  Aiotlc  and 
Antorcuc. 

Tor  almost  KO  years  the  problem  of  patterned  ground  Of 
structural  soil  — iis  It  was  called  earlier— has  been  the  subjact 
of  cortti:iJccl  Ir.torest  tut  msny  problems  are  still  unsolved- 
Recent  progress  in  understanding  the  origin  of  pattenrad 
ground,  however,  has  beer  possibU-  with  the  application  of 
modprn  quantltstive  methods  of  Tcjsurlng  dynamic  features 
ol  lhi;f.t;  phenomena.    These  rrothods  arc  '■(fi'Clivrt .  but  we 
mjst  continiio  w  sinpliry  ejjuip.r.ent  and  techniques.  Field 
experiTientotion  denar.ds  potli>nc«^  .tnd  perslatanoa  baCaiUa 
many  years  of  observations  are  necessary. 

Fanal  nwaAara  annoat  thaaa  llaaa  fet  fiotbar  Imraatlgatloiv 

(il  laqinvod  and  alnpuflad  laatninontatlon  for  aiaaaur- 
ins  tha  vartieal  voiootty  piofila  In  naaa-waatlnv • 

(d  iBwoatlgatlona  of  tha  peaalbia  tela  of  eraap  and 
dafonnatloa  of  paNimtaliy«fman  ground  In  maaa^waatlng. 
(It  mould  ba  uaaful  to  naka  tha  laauha  avallabla  to  other 
aoglnaacliiiB  adanoaa.) 

(c)  Mgnilloanoa  of  ahort-tana  (aa  oppoaad  to  annuad 
ikaaia<thaw  cmlm  in  gaomoiphle  prooaaaaa,  Ineludlng 
waathartng«  oiaaa>waatlng,  and  pnoaaaaa  Involvad  In  tha 
oilgln  of  pattamad  ground* 

(d)  Origin  of  dlffaiant  fbma  of  patMawd  ground.  Includ- 
ing atrlrtg  bogs.  Tha  IMaraciloii Of  pBttofnad-ground 
piscaaaaa  and  vagotation. 

(4  GmwOi  tana  of  dlffaraot  foms  of  pattamad  ground  In 
dlffarant  cllmatio  anrlioninems. 

it  Inilttanea  of  local  as  opposed  to  regional  fbetora  In 
tha  etlgin  of  vailoua  fema  of  pattamad  ground. 

(g)  Gwitlnuatlon  of  f  laid  and  laboratory  invaatigatlona 
of  pfooaases  involved  in  the  origin  of  patterned  ground. 

(M  Datailed  quantitative  observations  of  mass-wasting 
(including  slopa>waa)i)  and  of  pattamad  ground,  repeatad 
at  tha  aana  tooatlena  undar  vailouB  oondiuons  and  in 
dlffarant  anviioniMnta  ovar  a  panod  of  yoara. 

G.  A.  LEONARDS— Phase  Equilibria  and  Transitions— Lively 
discussion  (on  some  Issues  two  or  even  three  points  of  view 
were  stoutiy  deicr.deuD  rr-idv  it  Inevitable  that  the  contro- 
versial Issues  cocimanded  most  attention.  As  a  result,  worth- 
while contnbunor.s  fir.d  provocative  test  res  jlts  were  largely 
Ignored  in  thr;  dir.c jssion.    All  p.f(per.5  ^ubmutod  are  com- 
mi'tidcd  (or  surioiis  study. 

Tho  noture  .ir.rl  properties  01  thu  un:ro/i>r.  Mrr.  ot  water  that 
persists  around  mineral  particles  in  fm/.er  sells  attracted 
considerable  comment.  The  dlscas-^icn  did  not  delve  Into  all 
of  the  uncertiiintier.  involved  to  tho  same  extent,  iKT-iapb',  as 
a  result  of  the  lirritr-d  '.■xp">r;nrnt3!  data  dealing  directly  with 
Uln  water  in  the  papers. 

There  was  general  agreement  that  the  properties  of  the  film 
may  differ  signifiCrintly  fro.m  those  o:  bulk  wfiter,  but  the  cru- 
cial quesuon  remained  unresolved:  Can  the  (Urn  sustain  a 
finita  ahoar  atraaa  without  yialduig  ?  lha  liiplloatlena  of  thla 


guatuon.  such  as  the  exlatonea  of  a  thiatlieM  Or  initial 
gndlaat-alther  hydraullo  or  thanaal— ara  of  fai^raaehlng 
Inportanca  in  many  gaotachnleai  ptobloaia  both  in  froaan  and 
unfMsan  ground.  &cparinantB  to  data  hava  not  baan  aufB- 
dontly  conclualva  to  oonrlnea  aona  akoptiea.  and  fwthar 
raaaaiob  on  thla  quaation  la  watooaud.  WhUa  caraful  attan* 
tlon  to  «U  paninant  axpartnantal  datalla  la  oartalniy  In  ordar, 
it  any  tr»U  ha  ilMt  a  fradh  approach  la  aeadad  U  eonelualva 
raaultB  am  to  ba  obtalnad  in  tha  naar  AMun. 

In  a  papar  on  tha  theory  of  freat-haavlng  it  waa  oootondad 
that  tiravaralhla  thatmdynaoilea  iiuat  ba  uaad  to  daacrlba  dta 
fioat-haavlng  proeoaa.  Iba  author'a  Intarpratatlon  of  aueh  a 
fomulatlon  led  to  the  oonelualon  that  a  tanparatun  gradient 
in  tha  dlractlon  of  the  maaa  flow  of  watar  la  nguirad  to  pio- 
duca  lioat-haavlng.  This  aaaaitlan  waa  dlaputad  in  «m  panal 
dlaeuaaion.  Whlla  it  waa  adtnowladgad  that  irravaralbla 
thanwdynaalea  aiay  ba  a  mom  ligotoua  approacih  to  tha 
daaertpuon  of  rata  pmeaaaaa,  epiitfen  was  divided  regarding 
tha  adtrantagaa  that  might  aeeiua  from  the  use  of  this  ctora 
sophlttieatad  approach  in  lieu  of  convenuonal  thermo- 
dynamics. Funhar  studies  on  this  question  are  clearly 
Indicated . 

Praezing  point  depressions  in  saturated  and  moist  soils 
figured  prominently  in  the  discussions.  When  measurud 
freezing  point  depressions  are  reported.  th<-  pc>ncl  empha- 
sized that  tho  test  conditions  should  In;  ctirclully  specified 
to  avoid  ambiguous  interpretations.    In  any  case  it  was 
doomed  desirable  that  th<>  system  be  adjusted  to  minimize 
undercooling  so  that  corrections  for  the  amount  of  Ice  formed 
during  nucleation  are  not  excessively  large.    For  calculation 
of  freezing-point  depression,  the  concensus  was  that  where 
certfiln  conditions  were  known  to  prevail,  appropriate  equa- 
tions m.-iy  Ix;  employed:  but  in  other  circumstances  (particu- 
larly where  Icc,  water,  and  air  coexist  In  the  soil  porps)  too 
little  IS  known  of  the  Jjeometr/  of  tha  system— especially  the 
distribution  of  pressure  in  the  several  phaaaa~tO  JUBtlfy  Uw 
use  of  these  equdtions  st  this  ume. 

Attention  was  given  to  the  effect  of  soil- w.-.tei  mteractlona 
on  the  magnitude  of  heat  of  fusion  ol  let-  lorm^d  Irom  soil 
water.    These  effects  may  have  a  bearing  on  the  accuracy  of 
calonmetrlc  detenriinauons  of  ice  content  In  frozen  soils  or 
rocks  and  on  the  procedures  for  cfilr  _l,i'.i  n  ;  the  thermal 
regime  resulting  from  chiraes  in  environrnental  conditions, 
especially  at  relative,/  .tr.v  'rcezing  lempcraturt;s  (such  as 
those  that  may  arise  from  undenjround  storage  of  liquid 
ammonia  .ind  the  Uke)  . 

It  Is  rogrettcd  that  imphcrttions  of  phase  transitions  in 
Othc'  related  problems,  si:ch  as  refreezlng  of  water  and  melt- 
ing Of  Ice  during  creep  or  the  movement  of  mineral  particles 
by  the  freezing  process,  were  not  considered.   Unless  the 
main  physical  processes  involved  are  appiapriataly  acxounted 
for.  it  will  never  be  possible  to  scale  tha  raaulu  of  laboratory 
axperlmcnts  to  prototype  conditions. 

Experience  with  related  problems  In  unfrozen  soils  suggests 
strongly  that  mathematical  approximations  of  these  sigruficant 
phyalcal  pfocesses—nowever  crude  the  initial  approximations 
nay  be— are  likely  to  lead  to  mora  fruitful  results  in  tha  long 
run.  A  concerted  raaaandi  eftoit  along  thaaa  llnaa  la 
recommended . 

S.  ORVIG— Thermal  Aspects— Eight  papers  were  divided  into 
three  groups  for  this  discussion.  Group  I  papers  deal  with 
temperature  conditions  above  the  ground  and  their  relation  to 
haat  conduction  in  soils  and  presence  of  permafrost.    Group  II 
papers  deal  with  calculations  of  and  factors  affecting  depth  of 
freeze  and  thaw  in  soils.  Group  III  papers  deal  with  tha  lliar- 
mal  ragtma  In  foundatlona  and  control  of  froat  panatratioa' 

DIBCUtaON 

Group  1 

.^ir  temperature  alone  does  rot  gover.n  the  di.ittlb.jtlon  of  per- 
mafrost; tempei.^ture  Crin  only  be  used  ,15  ,in  indic,3tor  of  the 
net  heat  balance  at  the  surface  due  to  piocesses  which  are 
inauffidaatly  imdaratoed.  tha  taatpaiatiata  atudlaa  toll  Uttlo 
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about  these  processes,  which  are  meteorological  and  geo- 
graphical. Not  enough  Rieterological  mawrtal  was  sufamlnwl. 
Th«  general  conclusion  was  that  glnc*  one  cannot  watt  far 
beslc  studies,  the  infonnatiofi  oontajnad  in  wnparatw* 
studies  Is  better  than  nothing.  Mo«»iaver,  moi*  snslysts  of 
variables  other  than  air  temperatim  (e.g.  >  peireenMflO  of 
possible  sunshine  or  cloud  cover.  soUr  radlationi  by 
meteorologists  would  greatly  assist  futura  studl«s« 

Group  H 

CAlculdtions  of  Irei'/.e  and  Jhaw  depths  are  importam  if  the 
method  includes  reasoniible  values  for  the  meteorological 
variables.    It  is  difficult  to  find  tb'>Fe  in  metcoroloqical 
literature,  in  a  way  useful  to  th.   ?,oil  ;-.i;ientl.si     u:J  l■t^g^- 
neers.    The  rather  widely-spaced  olisfrv'tng  stjtions  jre 
^.urfici'Mit  to  give  regional  values  for  such  calculations;  the 
piTihU-ms  nf  site  char.iclerjstlcE  are  mainly  those  eoncornftd 
with  the  :5-tujl  sur?ricc  .it  thf  location,  such  as  alb«do  and 
veij'^tjtion  cov-iT.    The  neth:?d-';  dt:'scrlbed  In  those  papers 
allow  th.j  study  of  d^^yujr:  broi.gh;  .iljout  by  varying  the 
values  of  each  ol  tho  meteorological  elements,  thus 
piemisino  a  battar  tmdarstaiNiiiig  of  tba  pioeesses. 

GlQUD  Itl 

These  papers  are  oonearnad  with  lopatUng  on  tamparatura 
changes  beneath  stnieturas  built  ovor  paratafrost  and  with 
determining  the  dimensions  of  the  thawing  ktasln  with  respect 
to  time.   The  final  papers,  which  discussed  control  of  frost 
penetration  rather  than  heat  penetration,  seemed  to  be  of 
some  interest  to  those  in  the  audience  who  fett  it  might  be 
triad  in  Alaska. 

CONCLUSfCmS 

Some  members  felt  that  the  topic  of  noteorological  control  of 
permafrost  distribution  should  h.-ivo  h  id  ii  more  prominent 
place  in  the  program.    It  Is  suggested  that  such  discussion 
should  have  been  the  topic  lor  the  very  first  panel  d;3ru3s.an 
In  a  conference  such  os  this. 

Th<?rc  was  a  minimum  of  discussion  and  controversy. 
PnnjrLss  tjcnerally  has  beer,  slow  in  xt-A-.  Ii.-ld,  and  few 
Important  papers  have  been  publ.sht'u.    iioinw  ot  the  current 
published  material  still  reports  prlnclpli-s.  methods,  and 
concepts  thttt  hav«  been  improved  (or  even  discarded)  during 
the  ;'.!';t         tcj  1  0  years. 

this  was  the  first  conference  of  its  kind,  it  w<js  usolul 
to  have  an  opportunity  of  summarizing  the  status  ol  the  prob- 
lems. If  another  .such  conierenci-  wt^rc  to  br-  hr\r*.,  the  topic 
should  be  "current  research."  A-j  thrr>'  :;l-c.t;s  to  be-  Ultle 
such  research  in  thermal  aspects,  another  meeting  including 
this  partlcul  ir  branch  of  the  field  probaUy  WOuM  not  be  Vaiy 
useful  for  some  five  years  or  more. 

In  research  on  heat  flims  in  the  ground  and  at  tfaa  ali» 
ground  interface,  it  is  nacassaiy  to  have  nany  noi«  data  Hun 
an  now  available.  Iba  wataorological  Information  can  be 
lovreved  end  ttaara  «•  pnimlsing  signs  that  such  Impiovanant 
Is  under  way.  (Th*  graM  intarast  of  the  Canadian  Mataoiolo- 
gical  Service  Is  one  amnpla.)  Bnglneers,  also,  should 
publish  data,  or  mako  known  wham  data  may  be  availabla. 
We  can  do  with  mora  maasiawnants  iMll  holes  and  tanpota- 
ture  measursaants  la  soil  near  atnictiiras  and  In  dams  ars 
aaafud .  Cost  analysis  of  psitlsular  onginaertag  piolaets  nay 
show  that  crude  data  analysis  is  sufftetant.  baeatisa  SMdaxa 
eonstraetlofl  aquipoiant  paratlta  the  nacassaiy  ovat^daalgn. 
It  is  nora  likaly  that  eonatnietlon  of  audi  things  as  aarth- 
fiUad  dans  raqulras  vaty  oaraful  tfaafsial  invastigatlona.  ft 
ia  ahaolutaly  nacassaiy  to  havo  careful  analysis  in  order  to 
Inpiova  our  kixiwladga  of  Hi*  thsnaal  piooassas.   lhat  cars* 
ful  data  analysis  can  be  of  great  value  in  a  peitleular  project 
was  brought  out  by  Skavon-Haug's  paper  1-  this  volume. 

A  boner  understanding  of  the  lomotlor,  of  rermafrost.  Its 
distribution  and  lis  degr.^dation  ro'ijuires  more  dat.i,  ari,ily se-i 
and  comparisons  of  the  two.  at  the  air-grourKl  interface,  and 
balew  tha  sutfaoa. 
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N.  A.  TSVTOVICH— ntyaloonaGhaolcal  rtopsitios  Of  noMH 
Ground— aavon  rapoRa  wore  presantedi  two  warn  on  phytleal 
piapeitlas  of  tiosan  soils  and  five  wars  on  tha  nacbaaleal 
pnpacttas  of  fiaaaing,  fteaan.  and  thawing  soils  and  tha 
general  regulation  in  the  nechanlea  of  firoaen  soils. 

Tha  latter  tttporta  can  ha  elaaaiflad  as:  (s)  Investigation 
of  tha  physlconaohanloal  pieeaaaas  in  ftaastng<  boson,  and 
thawing  soils  (rapens  by  M.  8.  Xarstan  and  G.  W.  Atlkasii 
(d  results  of  anpam— isl  studios  of  tha  naehaBloal  psopai^ 
ties  of  finxan  soils  and  analysis  ot  tha  eausas  of  tho  efaango 
in  these  propaitlas  under  the  influanoa  of  antaroal  factors 
(lapoita  tay  K.  yioag,  C.  W.  Kaplar.  and  H.  A.  TaytowMd: 
and     investigations  of  plastic  dofonaatton  and  oraop  of 
ffosan  soils  (rsports  by  P.  I.  Sanger  and  C.  W.  Kapiar,  and 
8.  8.  Vyalov). 

The  most  Mpoftant  rssults  of  tho  Imnstigationa  and  the 
special  pioblams  suggested  trare  debated.  These  discussions 
oovared  rheologlcal  processes  in  frozen  soils  and  methods  of 
determining  physical  and  mechanical  properties  of  frozen  soils. 

The  reports  represent  a  valuable  contribution  to  our  scieitce. 
the  mechanics  of  frozen  soils,  as  they  oontain  not  only  factual 
data  that  are  the  results  of  very  complicated  and  prolonged 
experiments  (sometimes  covering  many  years) .  but  they  also 
provide  generalizations  that  will  permit  a  more  extensive 
utilization  of  the  data  obtained  In  engineering  practice. 

In  the  future  It  Is  cjesinlUe  tti  :";tah'. ; -.h  intcrnationjl 
coofH-ratlon  in  solving  the  lollowing  probLi?ms;   Ca)  Prediction 
of  primary  and  secondary  consolidation  of  thawing  and  near- 
zero  frozen  bases,  their  rr^.^p  a,id  stress- rupture  strer>gth. 
(b>  Generah;.i'.icr.  o<.  fx;;i.-rirr..--nt,..l  a.-A.i  on  ncrh  ir.jcal  proper 
ties  of  frozen  and  thawing  soils,  and  estdbUshmeni  o( 
Standard  strangtb  and  scrsln  diaraetaiisties. 

JOHN  A.  MHUMKEK-Extjlof  ,tiQr.  ir.J  Sit.-  S.-l.-ctlon-The 
deliberations  ol  .S-v.Mon  7  miy  Ik'  .•.umn.iri/.ed  in  spirit  If 
not  in  actual  Ci-l  jil  hy  notiny  (list  thjt  nxs-lor.jlinn  jnd  -uto 
selection  in  tho  tJorth  ire  influenced  by  isolation,  n  s.nort 
field  season,  .ind  jn.!ny  difficulties  oi  field  nr-ovcTitTit.  These 
linitotlons  have  lea  to  an  Increased  u.sm  ol  .mphotos,  lor  an 
■iirphoto  provides  a  tirst  look  at  the  lar.J si-.^p.-  without  the 
many  difficullins  ol  iieltl  movement.    A  papei  biy  1  rf-5t. 
McLerran,  and  l.ci  ihty  r;.-;,:rib.^i  a  workable  ^r.alyticjl  rrethod 
for  obtaining  information  from  airphotos  and  strcs5.2d  the  ever 
important  relation  between  photoan  ilysis  and  crijircenrpg 
criteria  as  related  to  explor.-ition  ot  northern  lands.  The 
application  of  this  workii.g  tool  lo  an  englneerir>g  project  in 
tho  Ungava  Peninsula  ol  northern  Oviebec  was  described  by 
Mollard  arvd  Pihlainen.   On  this  project,  airphoto  interpre- 
tation techniques  were  successfully  used  in  the  preliminary 
planning  stages  and  they  continued  to  supplement  field 
observations  during  later  design  stages  of  the  project. 

The  soope  of  engineering  site  investigation  in  permafrost 
areas  Is  controlled  by  many  factors.  Generalization  is  diffi- 
cult because  ewwy  afiaoifle  piofect  in  a  specific  northern 
locality  has  its  own  specific  requirements.  A  paper  by 
Johnston  provided  not  only  a  useful  summary  of  these  variables 
but  also  recorded  the  rational  step- by-  step  analysis  of  then 
in  tha  order  that  thoy  are  usually  encountered.  Sabastyan 
raoeidad  an  appUeatien  of  this  appieaeh  with  data  ceUoctad 
fton  vafleuB  sttos  in  tiio  Canadian  North. 

Methods  of  swbsurfooa  oxpioistlons  range  finu  ttaa  use  of 
teat  pits  to  com  dtllUng.  All  of  tha  nethods  havo  oonHnwid- 
aUa  ehanetaitstics  under  cartain  eireunstaneas  tout  oova 
drilling  has  bean  found  to  be  4m  aioat  afflolant  if  anantlon  is 
paid  lo  tha  nany  inplleatlons  inpoaad  by  ftosan  nataitals. 
Iha  paper  by  Hverslav  and  Goeda  naoetdad  suay  of  thaao 
details  and  aiqiettonces.  More  spooiac  obsarvations  of  tlw 
uaa  of  refilgeratsd  fluids  tor  drilling  and  ooilng  in  panaaftoat 
wars  rspoitad  by  laaga.  Thoso  otoasrvatlons  and  tha  guantl* 
tativa  approach  to  tha  design  of  sueh  a^ulpmant  ars  not  only 
of  lauaadiata  tralua  fbr  rasaaich  la  pamatoat  araaa  tout  am 
of  practical  value  when  firosen  samples  of  bedrock  or  gravel 
must  be  obtained  for  engineering  assessments. 

Explorations  in  pennafrost  depend  upon  many  factors; 
aawng  than,  tha  actual  location  and  extant  ot  pacnafioat  la 
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of  particular  Importjncc-  pjppr.jlly  In  areas  c!  sf.or:..i:;io 
permafrost.    Thus  t.-:-.:-  riu.-nt-^r  of  subsurfflcp  .-xploraijons  Is 
inversely  proportlor;,il  in  i-m  .ire.-i!  nxtrr  -  ;:l  ;iTmalrost, 
I.e.  ,  the  less  petmflfrost  in       jrra,  the  more  "holes"  are 
needed.   Increased  explorations  in  .iroas  of  sporadic  perma- 
frost (and  the  associated  higher  costs)  will  tend  todlscouraQe 
direct  observations  (such  as  drilling)  .  but  will  stimulate  the 
use  of  Indirect  methods.    The  piF*"       Bnrr.i"s  was  a  timely 
summary  on  the  uses  of  geophysical  methods  for  dnlsrteating 
permafrost  and  1!  aIm  will  serve      a  UMful  basts  On  which 
to  a«.<iess  the  .itilisMleitOf  llMM  pOtmtjAl  tAChnlqtMB  Ofl 
specific  projects. 

Although  permafrost  is  defined  on  the  basts  of  temperature, 
the  many  difficulties  of  measuring  ground  temperatures  have 
hampered  invesugauons  of  this  property.   At  some  stage  of 
permafrost  irwesugations  or  asMStment,  research  and  engi- 
neering must  consider  soil  temperatures.    The  paper  by 
Hansen  was  a  most  useful  siunmaty  of  the  tivee  most  oommon 
methods  of  measuring  ground  temperatures  and  will  be  bslpful 
to  those  engaged  in  obeenrstlOM  of  soil  temperatures* 

Site  selection  may  be  thought  o(  as  an  integrauon  of 
tMnln,  sttucture,  and  constnietlon  method  requirements. 
flMpertnposed  on  these  terms  of  nferance  are  the  actual 
axfklorattOB  methods.  lh«  paper  by  Hanrood  racoided  an 
■oooHBt  of  •  saai|il«K  pit*  eKplontton  ppaUem.  One  of  dw 
moit  tntmMJao  faettp  of  Ihls  pieteet  waa  that  pcaftald 
ptonnlng  waa  ae  dalalM  Aat  the  pioUana  aaaeelatad  witft 
panaatoat  wan  alaialaad.  In  aoaa  eaaaa  petantlal  pacma* 
ftnat  proUams  w«c*  emnplwMly  allmtnatad. 

llw  oomftbuUon  of  our  Sevlat  oeUaaguaa  ia  aa  Uamaalwe 
aa  tfMir  Mcofd  In  iba  many  otfier  aaaalofka.  Apaparby 
Bakokln  and  Zelenln  on  the  mining  of  toaan  around  descilbed 
aOM  «H««BtlM  fliatitoda  uullsad  In  llw  vaau  Ibia  paper. 
atthMiBli  oonaldarad  to  ba  In  the  wrong  aaaatm.  aMisetad 
soma  dataUad  ooaisMiita.  Amora  partlnontpaparonanBlnaar- 
liia  owciyolatle  Invaatlpationa  by  Ushkaloir,  MnaUataav, 
YMbont,  and  Dementyav  raeetdad  an  apptoaeh  that  paralMad 
North  Amarloan  interests  but  waa  found  to  ba  nan  datatlad 
than  tiMt  usually  employed  in  Noitli  Amoiloa. 

The  constantly  neunUia  aMwaailonaf  ooepaiatleo  so 
that  we  might  next  meat  in  tiia  fMd  waa  attandated  lai«aly  by 
the  Soviet  contributions.  At  Cm  rlPk  of  datnetlng  fnm  the 
many  ether  aaada  of  exploration  and  aita  aalaetlon,  may  I 
thanfbra  and  my  eeoMianla  on  (Ma  hopeful  nou. 

A.  I-  ALTER— Sanit.^ry  .3n:l  Hy  ir.iuhc  Engineering— Panel  dls- 
cus.sions.  general  discussions,  jnil  !ho  papers  presented  were 
lngener.il  .igreomont.    The  similarity  of  methods  employed  In 
provldl.ig  f.uccosfilul  ssnitar/  and  hyiiroulic  engineering 
structu.-os  .and  -.i-rvu-ds  in  the  many  iieographu;  .^rr-is  repre- 
sented m  the  discussioni  wrt.i  obviojs  throughout  the  session. 
Likewise,  the  problem  orr  i  -;  wi-ti:  .imllar  and  the  mSMlCh 
needs  were  described  rompnrable. 

Although  there  were  14  p-spera  discussed,  all  topics  were 
discussed  in  three  major  groups,  followed  by  rjcncral  summary- 
typa  discussions.   The  three  major  gro:.ps  consisted  of  (a) 
hydfOgoology  and  dams,  (h)  specific  practices  in  Russia, 
Greenland,  Antarctica,  Alaska,  and  Canada,  and  {ci  water 
and  waste  disposal  systems  design  and  construction 
principles  applicable  to  such  systems  in  permafrost  areas. 

Rusilan  expeitenees  in  investigation  of  hydrogeology  and 
dams  have  differed  sli«htly  ton  the  experience  in  other 
countries . 

HYDROGEOLOGY 

The  discussion  brought  out  these  points:  (a)  Hydrogeologtcal 
inwaatlvationa  should  be  considered  on  the  basis  of  area 
ii»ldo«  rsglonsl.  and  local  cones,  (b)  Underground  water 
soufcas  aia  fad  bom  above  and  below  the  permsfiost  sone. 
<d  Ghaoiioal  and  pkvsleal  eharecteristics  and  quantities  of 
pematest  watara  aa  wdl  aa  pressure- head  are  determined 
by  etaoulation  of  tha  watars  abovo,  tiuouph.  and  below  the 
panaafiost.  M  Ruaatan  ampailanea  taelodes  studlaa  of  da«p 
pansaftaMt  watan. 


Duas 

Exp«rl<?ncr  in  design  and  construction  of  dams  or.  permafrost 
was  called  inadeqi;.it«.    Certain  basic  principles  to  be  con- 
sidered in  design  and  construclion  were  pointed  out  as  follows: 
(fl)  Prognosis  of  temper.] lure  condltior."!  15  of  great  importance- 
(b)  Either  "warm"  or  "cold"  conslrui         ir...-thods  should  bo 
employed  and  not  a  combination  o!  mtjthods.    (c)  Frozen 
matorlaU  rr..iy  b<>  u.sed  for  foundation,  Impcrvioj.-.  core,  or 
screen,    (d)  Ground  and  foundation  conditions  ,  loyictlcs, 
rurwff  pattern,  climatic  conditions,  and  thermal  features  of 
the  structure  and  site  determine  the  type  and  design  of  a  dam. 
(e)  Uttle  or  no  expenervce  is  available  on  large  dams:  in  vie.v 
of  the  large  dams  proposed  for  the  future,  much  tnvestigaUve 
work  is  necessary.  The  important  Rampart  Dam  piepesal  was 

particularly  emphasized. 

SPECIFIC  PRACTICES  IN  RUSSIA,  GREENLAND.  ANTARCnCA. 
U.S.,  AHDGAMAOA 

Water  aupply  seurea  davoiopMnt.  diatrtbution  praellea, 
traalmam,  pioUams,  and  mlaoaUanaoua  water  system  faaturaa 
ware  dlaousaad  as  wall  aa  a«wara  and  aowaga  traatsMnt. 
Thaaa  daafgn,  eoBatnietlon,  and  eparatlng  faaturaa  wars 

Included; 

1.  Recirculating  mains  and  services,  use  of  utilidors, 
insulation  methods,  wastage  of  water  to  prevent  distribution 
system  freezing,  depth  of  bury  for  pipes,  materials  of  con- 
struction, methods  for  heottng  pipes,  methods  lor  maintaining 
structur.ll  st.ibilily  in  pipes  ml  fact  I  iti  e   ,  installation  ond 
operation  costs,  and  Tjiscellaneous  operatirvg  experiences. 
These  items  were  found  to  b-j  of  coiiunon  OOnoam  SBMHIP 
representtillves  froni  all  countiles. 

2.  Sewage  stablllJtotlOTi  ponds  wen^  n'p-crted  to  function 
with  some  d(»grec  of  adegujcy  in  permafni-jt  reg.or.s  ot  rela- 
tively h:jh  latitudes. 

3.  Although  specific  co.sts  were  not  available,  consider- 
^b'.o  interest  wa.':.  expres.sed  in  finite  costs  and  the  relative 
oo.its  of  nt-.f  :ype  ol  l.iclUty  In  comparison  with  arxsther. 

A.  iitjth  -Sweden  anr;  Sc5viet  leprivwnt iii ives  reported  suc- 
cessful performance  of  pipelines  burled  at  relatively  shallow 
depths  where  psovlalon  Was  made  lor  nebeulatlon  and  heating 

of  water. 

J.    Prcvilm.g  water  and  sewage  services  in  areas  of 
permanently  frozen  ground  is  largely  influenced  by  physical 
conditions  prev.5lent  in  the  am- 

6.  Much  of  iho  cxporioncc  roiiorte  )  was  based  on  obser- 
vation of  Installed  an';  f  jnctloniny  craoh-built  facilities 
rather  than  on  full  laboratory  and  field  stu  hei  5nt  up  to 
precede  ultimate  design  and  con.'.truction. 

7.  Described  pr.irltces  were  rougnly  cite'^onzed  into 
encapsulate;!,  ir...i'jlatfil  and  heated  l  iciliiics,  and  nonfrost- 
suscoptlbic  facilities,  thus  representing  throe  basic  design 
concepts  in  use. 

8.  The  sparclty  of  specific  data  on  the  many  facets  of 
design  and  construction  of  water-  and  waste- disposal  aystams 
(or  use  in  permafrost  9r>;as  was  emphasised. 

9.  Simplicity  in  .3 it  systems  for  permafrost  arsaa  and  use 
o(  proven  mechanical  items  were  stressed. 

10.  The  importaaea  of  interdisclpUnary  viewpoints  in 
planning  sanitary  works  was  emphasised.  Although  this  Is 
daatrable  anytime,  its  importance  is  aoipUfled  in  permafiost 
araaa.  Logistics,  affldaney,  simplicity,  planning,  and 
thofough  atudy  ara  impoctaitt. 

DESIGN  AND  CONSTRQCTlOM  OF  WATER  AMD  WA8TB 
DISPOSAL  SYSTEMS 

Thermal  conaldantiens  must  ba  given  to  avaiy  facet  of  design 
eonalraetlon  and  oparation  ot  sanitary  and  hydraulic  woifcs:  a 
thorough  iharmal  analysis  should  ba  aa  mueit  a  part  of  a 
profect  as  stiuctural  analysis,  aeonoade  analysts,  or  other 
baaaa  f6r  design.  LocaUy  available  and  tow'ooat  matailala 
as  wall  as  wasta-ansigy  souvoes  should  ba  oonsldared.  Wind 
anargy  was  auggastad  aa  a  uaabia  aouroa  of  wasta^naigy 
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under  certain  conditions.    Desltjn  jnd  construction  should  tM> 
governed  by  site  conditions,  climatic  conditions,  one!  local 
factors  rfither  than  upon  mere  xoaiflcation  of  practice  from 
another  climatic  area  and  should  result  in  the  selection  of 
an  ultimate  "cold"  or  "wann"  technique  rather  than  a  combl- 
nation  of  active  and  paaalve  methods .  Community  planning 
Mid  uttltttM  dealga  alKMild  be  comlated  to  the  extent  nemf 
Miy  to  Mfura  UM  of  eompatlble  utility  system  methods 
•eoaptabia  for  um  in  pemafrost  areas. 

Comp(«aaed>air  evacuation  q(  lines  and  Insulation  achieved 
trom  natml  nwtoilals  wch     Ice  and  snow  are  examples  of 
dKferent  concepts  for  preventing  utility  freezing  which  should 
to  eensldarad  wlwnvw  poiBiU*. 

mcinc  NB8BMICB  NESOS 

NuDMicufl  gaps  in  mennvf  data  and  daalgn  paraiaatara 
wan  peMM  out  in  the  dtaeuiilanc;  the  toUowlng  Itono  ofo 
aicanplas  of  lha  typa  of  atudtoa  that  ara  naadadii 

1 .  Furthar  datamdaatJea  of  tta  cemparaMUor  of  hydn- 
gaologlcal  studios  oonduetad  in  dlffannt  oovnMosi 

2.  Punhor  doflnltton  of  hydmgoologloal  aonlng. 

3.  Bottor  nolhods  lor  oxpJantlon  of  undnivMiind  hydie- 
goology  in  pomafioat. 

4.  Furthar  datamlnatlon  of  ponnafiosl  Aaraetortstloa  as 
tbay  ralata  to  daalgn  and  oonitnietion  of  tanltaiy  and 
hyArauUe  stniotMns. 

i.  fayastlgotton  of  dosign  oancnpin  for  dana  In  penaatroat 
Including  maAoda  for  pre  venting  filtration,  matheda  far  abut- 
nant  doMgn,  matheda  far  the  dealgn  and  oonatruntloa  of 
sptllwayfl.  locks,  head  race,  and  tall  raoe  obnnnels.  Partteu- 
lar  emphasis  should  be  placed  on  studies  to  dMtmine  effects 
on  the  rock  or  earth  dam  creating  an  Impounded  body  of  water, 
and  the  effects  on  the  reservoir  site  when  water  la  stored  in 
a  reservoir  continuously' 

6.  Every  part  Of  water  and  sewage  works  design  needs 
further  study  to  relate  such  design  to  the  many  characteristics 
of  permafrost. 

7.  New  concepts  of  water  supply  and  waste  disposal  that 
are  fully  compatible  with  perataftoat  conditions  must  be 
studied  and  defined. 

8.  Community  f:;.3nnin'j  concepts  more  suited  to  the 
characteristics  of  the  permafrost  areas  of  the  world  are 
uraently  needed  and  should  be  inweattgated  and  developed. 

H.  v..  HAREiY— Ea.-thv.-orV;  in:i  Foundrtticn  Erigmoorlng  — Touiida- 
tion  eiigineerlng  problems  in  rormolrost  regions  was  one  of  the 
first  areas  that  attr.icied  international  scientific  attention. 
However,  this  dates  back  only  some  JO  years.    The  present 
conference  is  the  first  forum  .it  which  specl^hr-ts,  represent- 
ing all  countries  in  the  Northcrr,  Hemisphere  Iwitil  major 
Interests  in  foundaticr,  rroiilrm;;  in  permafrost  areas)  have 
met  togethcir  for  a  trank  exchange  of  ideris  and  experience- 
It  is  therefore  pertinent  to  <-x.i:n;rie  the  more  important  areas 
of  rt'jreemeni  jnd  riisagrecmcnt  on  the  problems  discussed  In 
this  specific  field- 

The  most  complete  exchange  of  ideas  occurred  In  regard  to 
the  design  and  installation  of  piled  foundations.    The  U.S. 
Army  (CRX£L)  presented  the  results  of  some  IS  years  of 
research  on  design  criteria  and  installation  of  piles  and  the 
results  have  been  Incorporated  in  a  recently  revised  edition 
o(  the  Building  Foundation  Chapter  of  the  Engineering  Manual 
tor  Military  Construction  of  the  U.S.  Army.   These,  without 
question,  will  set  the  standard  for  design  of  foundations  in 
penaafiost  areas  on  the  North  American  continent  for  some 
years  in  the  future.   Senior  representatives  ol  the  Frozen 
Gfound  Research  Institute  and  of  the  Constnictfon  InsUtute 
In  the  USSR  pneented  the  currant  thinking  in  the  design  of  and 


construction  practice  (or  piles  In  permafrost  in  the  USSR. 
Representatives  of  Dominion  Govemment  departments  In 
Canada  presented  the  current  practice  m  Canada. 

In  the  U.  S.  Army  practice,  the  earlier  exclusive  use  of 
eteam-  or  water- thawed  holes  for  emplacement  of  piles  in 
permafrost  has  been  substantially  replaced  by  methods  using 
nedem  drilling  and  driving  equlpsMM  With  holes  either  larger 
or  smaller  than  the  pile.  No  general  praforenee  is  indicated 
(or  pile  material.  The  practioe  In  the  USSR  favors  the  use  of 
reinforced  concrete  piles ,  and  more  recently,  leinforosd  con- 
crete H  sections.  Installation  methods  include  preUmlnary 
■teaming,  placaisant  in  bored  holes  of  a  diameter  in  exeesa  of 
tbm  pile  diameter  (end  with  tto  annulus  being  prlaied  with  a 
soil  slurry) ,  and  plaeenMnt  tay  ddvlag  diseetly  imo  the  fiemn 
soil  or  into  bored  holes  of  dteOMtiar  seaawhM  Inee  Ikan  the 
pile  diaaeier.  Ihe  eeleetlonof  nMthodef  Inetelioitlonte  to  a 
ceoaldenhle  emeM  gevened  by  the  tampaietwra  tfl  ttie  pema- 
to«t  with  "hltfi  temperature"  fmsen  aoU        eoneidond  ee 
soil  et  e  teatperative  not  leas  than  about  -I^C.  In  Canada, 
the  euiient  gnetlee  laisely  usee  tinber  pUea  eat  la  ateam- 
thawed  holes. 

These  vsrleUons  in  installetlon  practice  and  pile  natarlal, 
to  a  oartaln  extent,  rafleot  taale  eeneepte  oonoeming  nle  of 
refteeslng  of  the  soil  ueund  the  pile  and  atrangth  of  adtoea> 
Ing  bend.  However,  to  n  graeter  ement  ttiey  appear  to  rafleei 
die  gensral  approedi  end  ooonomics  of  the  partlcHlar  nettenel 
oonstf  ucllon  induatiy* 

In  the  design  field  a  considerable  dtvergenee  Of  vlowa  on 
Ihe  toale  action  of  piles  in  penaaftoet  ia  evideiit  batwasa  the 
pnetiee  in  USSR  and  in  O.S.A.  Cunent  (femklng  ia  the  OSlit 
postulates  pile  support  derived  from  three  aowieea:  Jldheeien 
between  the  surface  of  the  pile  and  the  fiosen  soil;  end  bear- 
ing of  the  pile  on  frosen  soil,  end  under  some  circumstances, 
s  friction  oosvonent  acting  on  the  surface  of  the  pile  result- 
ing from  the  noimal  stress  component  acting  across  the  con- 
tact of  the  pile  surface  and  the  soil. 

At  CRR£L  In  the  U.  S.  A.  the  current  thinking,  based  on 
recent  research,  considers  that  thi-  ■jupporting  cap.icity  of 
piles  In  permafrost  is  predominetitly  ,5tt.5innd  by  the  adfrcteie 
txsnd  beVMfA-n  the  soil  and  the  pile  surface.    For  practical 
dimer.slons  of  ^:ilcs  in  permafrost  only  a  very  small  percentage 
ol  the  jltlmato  capacity  is  derived  by  end  bearing.    The  test 
data  mdic.ite  th.it  the  reason  for  this  is  th.Ht  the  ultimate 
stre.'^jth  m  .Hdf.'eezing  bou'd      di'velopec  .nt  much  lower 
strains  th.ir,  at»  m-(-<v.s.-\r/  to  mobilise  the  end-bearing 
ultimate  capacity. 

Both  schools  of  thought  recognize  that  the  adfreeze  borKi 
vanes  with  soil  type  and  condition,  and.  to  a  very  marked 
degree,  with  lemperature.    However,  design  .jdfreeie  values 
stiil  appear  to  be  selected  on  a  sub.stantially  empirical  basis. 
Her«  i.<  proiiobly  .in  are.i  to  which  research  should  be  directed. 

With  one  or  two  exceptions,  there  seencd  tci  be  no  general 
appreciation,  in  the  p.irers  submitted  or  in  the  discussions, 
of  the  special  foundiT.io.',  en^jineering  problems  that  occur  in 
areas  of  retrogressing  permafrost.    Developments  in  northwest 
Carvada  during  the  past  five  to  six  years  have  shown  that 
sporadic  .4nd  discontinuous  permafrost  oxluts  over  a  much 
more  extensive  area,  and  extends  much  further  south,  than 
previously  had  been  assumed.   This  fact  emphasizes  the 
Importance  of  problems  peculiar  to  the  fringe  areas  surround- 
lr>g  the  cones  of  continuous  permafrost.   Not  only  is  there  the 
problem  of  identifying  areas  of  irozen  or  recently  frosen  giouad. 
but  there  are  questions  such  as  rate  o(  thawing  of  the  perma- 
frost, stability  of  slowly  thawing  permafrost.  r>egatlve  skin 
friction  on  plies  In  thawing  permafnsst  and  rate  and  asnuBt  of 
settlement  of  thawing  ground.  Solutions  to  these  ere  etill 
esaenuaily  emplilcal.  Research  directed  to  these  pieUeaui  la 
needed  lo  penait  ann  rational  deelgna  to  be  laede. 
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Lafayette,  Ind. 
MILHOUS,  Itobert  T. 

West  Lafayette,  Ind. 
MILLER,  Lee  D. 

Ann  Aroor,  Mich. 
MILLER,  Maynard  M. 

Cast  Lansing,  Mich. 
MILLER.  ADfaart  D. 

Ithaca,  N.Y. 
MILLS,  R.  E. 

West  Lafayette.  Ind. 
MISHV,  Loula 

Wast  Lafayette ,  Ind. 
MBE,  Ralph  W. 

Albuquerque,  N.  Mex. 
MOLLARD,  J.  D. 

Saskatehawan,  Canada 
MONA6HAN,  B.  M. 

Sapt  Ilaa,  Qua. .  Canada 
MONXAGHB.  John 

Bosanan,  Mont. 
MONTGOMERir,  Itobait  D. 

MoMoavilla,  Penna. 
MUL18R,Pilta 

Montreal,  Canada 
MULIBR,  StaBonWllllaat 

Stanford,  Calif. 

NAMOSNSICy,  Mrs.  Hyla  S. 

Chicago,  III. 
MEAL,  faaws  t. 

Badfiaid.  Mais. 
NELSON.  Charles  C. 

Wast  Lafayatta,  Ind. 
NELSON,  lames  L. 

West  Lafayette,  Ind. 
NELSON.  Wilbur  A. 

Charlottesville,  Va. 
NICHOLS.  Donald  R. 

Washington,  D.C. 
NOBLES,  I  .Durence  H. 

Evanston,  111. 

OOSTERBAAN,  Marvin  D. 

Midland,  Mich. 
ORDWAY,  James  F. 

Lebanon,  N.H. 
ORVIG,  Svenn 

Mon!r'-Ml,  Cjn.ida 
OSBORJJE,  Alfred  M. 

West  Lafayetta,  Ind. 
C  SBLIRN,  W.  S. 

Ho  jiiicr.  Colo. 
O'SULUVAN,  John  B. 

Milwaiikaa.  Wla. 

p.- l.'.';;:.;,  IrtCk  M. 

Chula  Vista.  Calif. 
PARKER,  Claude  B. 

Centerline.  Mich. 
PATTON,  FrankUn  D. 

Urbana.  111. 
PEARSON,  John  E.  .  Jr. 

Lafayette,  Ind. 
PENNER,  E. 

Ottawa,  Canada 
PENZ,  Michael  C. 

Bloomington,  Ind. 
PET£!<30N,  Lcwell 

Littleton,  Colo. 
rtfifi,  tnv  L. 

College,  Alaska 
PHILLEO,  Edgar  8. 

Fairbanks,  Alaska 
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mnCI,  GMfga  N. 

JwiMmt.  Maaka 
nmAINBH,  J.  ju 

Omnn,  Canada 
fOOSKtBH,  Ibaaph  I. 

Ktlaa.  ni. 
PORnUYEV,  G.  V. 

vasR 

FORSILO.  A.  E. 

Ottawa,  Canada 
PRINCC,  Paul  8. 

Indiana.  Penna> 
PRITCHARD,  Gordon  B. 

Ottawa.  C.-in.».da 
PRYER,  Robert  W.  J. 

Sopt  ties.  Quo.  ,  Canada 
PUU£N,  M.  wmiam 

Waat  U^atta,  Ind. 

OUINN,  William  F. 
Hanover.  N.H. 

RADrORTH,  Norman  W. 

Harr.ilton.  Canada 
RAPP.  Anders 

uppftrtitt.  Swadan 

RAUP,  Hugh  M. 

Fctershjn-.,  Maaa. 
REiU,  John  R. 

Grand  Forks,  N.D. 
ROBERTSON,  Herbert  C.  Jr. 

G.3tl  ind,  Texris 
ROSTOKER,  :J,wid 

Cambridge,  V.oss. 
RUTIXOGE.  PhlUp  C. 

Naw  YOik,  N.Y. 

Oxford,  Ohio 
SAMSON,  Uval 

Montreal,  Canada 
SAMUDA,  A.  J.in-.os 

Washington,  D.C. 
SANBORN,  John  L. 

Weat  Lafayatta,  Ind. 
aUfBORN.  Laonaid  F. 

Beaton,  Matt. 
SANDERS,  r.  A. 

Waahlngton,  D.C. 
SMIGER*  r.  I. 

Haiwvei,  N.H. 
SMK3ENT,  Charles 

College,  Alaska 
SASaANI.  Michael  J. 

Waablnffton.  D.C. 
aUJSk,  Bart 

MOntiaal.  Canada 
SMOES,  rnneta  H. 

Banovar«  N.H. 
SCMSBL.  Buoaoa 

UttlatOB,  Cole. 
SCBDIK,  Eiwln  X. 

Otaaaami  Waat  Gaowny 


8CK0Uit>  Chaitoa  P. 

Waat  Lafayette,  Ind. 
SCKiaiZ,  Daiyl  D. 

Kanaaa  City,  Mo. 
SOOTTi  Ibaald  T, 

Paaadaaa,  Calif. 
SCOTT.  W.A. 

Tbronto,  Canada 
SCULLY,  John 

West  Lafayatta,  bid. 
SELLMANN,  Paul 

Hanovar.  N.H. 
SHERMAN,  Richani  G. 

CoUt^ge,  Alaska 
SIM,  Victor  W. 

London.  Can.-.do 
SIMENtllNGER,  Kenneth  T. 

V,',-.  lihiri.jt-'r;,  ri.C. 
SIMON  I,  Olmdo  W. 

Fairbanks,  Alaaka 
SLADEK,  G.  J. 

Toronto,  Canada 
SMITH,  H.  T.  U. 

Amherst,  Maaa. 
SMITH,  P.  C. 

Washington,  D.C. 
SMITH,  Waldo  E. 

Washington,  i:i.C. 
SNEZHKO,  Olesj  Vadimlzovlch 

USSR 

SOTIROPOULOS,  Ellas 

West  L.i(ayi!ttr;,  Ind. 
SPAKGLER,  Robert  W. 

Waahlngton.  O.C. 
ST«;i.EY,  D.  R. 

Edmonton,  Canada 
STt."»VART,  D,ivld  P. 

Oxford,  Ohio 
STOLTING  R. 

Montreal,  Canada 
SU,  Hon-Hsleh 

E,i:;t  Ur.r.jng,  Midi. 
SULLIVAN,  R.  J. 

Peoria,  111. 
SWtNZDW.  GaO(«a  K. 

Haaoiraf.  N.H. 

IMCMSif  Shunaidta 

Ranovaf . 
TCDHOW,  J,  C.  F. 

Naw  Bronaarlck,  NJ. 
THOMMON,  H.  A. 

Temnto.  Canada 
THOMSON,  8* 

Ednomon.  Omiada 
TORDON,  Fnnk 

Montraal.  Canada 
T0WN8END,  DavM 

Klnoaion,  Ont. ,  Canada 
TSnOVnCH.  Mlkolal 

USSR 


UGOUNI,  riocanae 
Haw  Brunawiek,  NJ. 

V»aOV,8.  8. 
USSR 

WALCOR.  UstM  J. 

lftouQhtfin#  MliCti> 
WAUMdAH.  Miehaal  A. 

West  Lafayette,  Ind. 
WALKER.  Harley,  Jr. 

Baton  Rouge,  La. 
WALKER,  Richard  D. 

Blacksbmg.  Va. 
WALLER,  Roger  M. 

Anchorage.  Alaaka 
WASHBURN,  A.  L. 

Naw  Haven,  Cona. 
WATT,  John  S. 

Ott.iw.:,  Canada 
WAVMONT,  William  R. 

Spokar\e,  Wash. 
WAIr-NE,  William  J. 

Bloomlngton,  Ind. 
WELLEMS,  Thomas  J. 

Albuquerque,  N.  Maoc. 
WEST,  Terry  R. 

Lafayette,  Ind. 
WHITE,  Owcr  L. 

Urbana,  111. 
WHITE,  Sidney  E. 

Columbus,  Ohio 
WILLIAM -S,  John  R. 

Ar.rhor.igi,' ,  AI.:)Ska 
WILLL^.VS,  Fetor  J. 

Blinderr.,  OalO.  N«fWay 
WOLFE,  Louis 

PotK:a  City.  Okla. 
WOODS,  K.  8. 

Lafayette,  Ind. 
WORTH,  E.  G. 

Lafayette,  Ind. 
WRIGHT.  Kenneth  R. 

''>i?r.vi;r ,  Coio. 
WU,  T.  H. 

Eaat  Lenslna.  Mich. 

YAT- S,  ,\.  B. 

Ottawa,  Canada 
YODER,  Eldon  J. 

West  Lafayette.  Ind. 
YONG,  Raynmnd  N. 

Moiitraat.  Canada 

ZACKMSON,  H.  B..  Sr. 

Waahlngton.  D.C. 
ZEISU3FT.  Jon 

Waat  Uiayatta.  Ind. 
ZENONB,  Chaatar 

Lafayatta,  Ind. 
SONDOSAK.  lehB  B. 
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